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ABSTRACT

The growing economy with corresponding increase in power demand causes more
challenges in power sector of developing countries. In India, the increase in peak power
demand necessitates energy storage schemes over and above the storage - hydro, oil and
gas based peak power plants to ensure power system stability. In utility energy storage
schemes, the Pumped-hydro energy storage schemes (PHES) attract more attention even in
the developed countries due to their unique operational flexibility over other energy
storage systems. In India, PHES are developed for improving the net efficiency of the base
load thermal power plants. The availability of suitable topographies, hydro-thermal ratio
imbalance in various regions, optimal storage capacity for flexible power system operation,
requirement of spinning reserve, increased generation from renewable energy sources
gives a thought for the planers and executors to implement these schemes to meet peak

demand.

Under these circumstances, this research initially addresses the present operating
conditions of the existing PHES of the country, their operational constraints, historical
performance and future prospects. In the beginning, these schemes were operated only at
times of peak and major power plant outages due to less cycle efficiency. The analysis of
the existing schemes reveal that the major reason for less output from the PHES in India
than that envisaged in the planning stage is deficit off-peak power available for pumping
almost in all the regional power grids except the north-eastern grid. But gradual increase in
efficiency has been realized from PHES operation after the introduction of the availability
based tariff (ABT) in 2003.

Further, a performance evaluation has been carried out for the 26 year-old
Kadamparai pumped storage plant (4x100 MW) located in the state of Tamil Nadu, India
since it is the first successful pumped storage plant of the country by operation. Detailed
analysis of the plant have been mainly focused on i) reservoir regulation, ii) introduction of
variable speed technology of pumped storage and iii) the economic aspects of pumped

storage plant.

Reservoirs are the major part of a hydro power plant especially for a pumped
storage plant since recycling process of water is essential. Hence the reservoir regulation of
the Kadamparai pumped storage plant has been analyzed. For this purpose, a water

regulation model has been developed based on hydrological mass balance with the



objectives of energy maximization and spill minimization. Monthly reservoir storage curve
and operating policies have also been derived and presented for future operation of the

plant efficiently.

Variable speed operation is a new area of study in pumped storage operation. The
newly planned pumped storage schemes are mostly equipped with this technology
worldwide. But, in India no such schemes are existing now and the first variable speed
pumped storage scheme of the country (Tehri) is under construction. Hence a variable
speed analysis has been conducted to check the feasibility of variable speed drives
installation in the Kadamparai pumped storage plant during renovation and modernization
due in next few years. The efficiency difference between fixed and variable speed
operation has been analyzed and the results have been presented. Further, the efficiencies
and the discharges derived from the efficiencies have been analyzed with existing five
years (2006-2010) reservoir data and the pumping benefits have also been worked out to
determine the additional energy likely to be generated. The analysis reveals that the results
are encouraging and hence variable speed machines have been recommended for the plant

during renovation and modernization.

In addition with the above technological analysis, an economic analysis has also
been carried out in this research. Preliminarily, various costs involved in pumped storage
operation of the country have been analyzed which will be useful for the planners and
policy makers for future planning of pumped storage schemes. Regarding Kadamparai, an
economic analysis has been carried out with pumping energy cost to check the economic
status of the plant in the state grid. The analysis reveals that the considerable economic
benefits obtained by the PHES in the state grid after 2003 i.e. after the introduction of ABT
and the cost of generation from the pumped storage plant is comparatively less than that of

other peaking plants such as gas and diesel peaking power plants of the state.

The research reveals that the installation of pumped storage plants is essential for
the flexible operation of Indian power system and to optimally utilize the vast renewable
energy sources of the country. Regarding Kadamparai analysis, the derived reservoir
storage curves, operating guidelines and the variable speed analysis are certainly helpful to

increase the plant performance.
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Chapter 1
INTRODUCTION

1.1. OVERVIEW

India is the eighth largest economy in the world by nominal GDP (Gross Domestic
Product), third largest economy by PPP (Purchasing Power Parity) as per World Bank
report with five years GDP of 8.7% and the 5" largest energy consumer [30]. The total
installed capacity of the country as on 31-03-2014 as per CEA (Central Electricity
Authority) is 243,028.95 MW which comprises of 168254.99 MW thermal (69%), 4780
MW nuclear (2%), 40531.41 MW hydro (17%) and 29462.55 MW from renewable energy
sources (12%). It is great challenge to meet out the supply-demand gap in India due to
growing economy and scarcity of power. Energy availability of the country as on March,
2014 is 959,614 MU against the requirement of 1,002,045 MU with shortage of 4.2%.
Similarly the peak power met by the country is 129,815 MW against the requirement of
135,918 MW with shortage of 4.5%. The identified hydro potential of the country is about
84,000 MW at 60% load factor (about 1, 50,000 MW installed capacity) [43]. In addition,
6780 MW installed capacity from small, mini, and micro hydel schemes have been
assessed. Also, 56 sites for pumped storage schemes with an aggregate installed capacity
of 94,000 MW have been identified for the future development [44]. The country so far
utilizes about 20% of hydro and 5% of pumped storage of the identified capacity.

Pumped hydropower systems have been used for bulk energy storage all over world
since many decades. As on 2009, it accounts for more than 99% of bulk storage capacity,
around 127 GW [109]. Bulk pumped storage systems are used to meet peak demand,
absorb surplus power during off peak periods especially from thermal and nuclear power
stations and used as emergency reserve during thermal/nuclear unit outage contingencies.
Consequent to the oil crisis faced in 1970s, many countries started adding pumped storage
schemes in their power systems. Pumped storage plants were developed along with thermal
and nuclear stations throughout the world so that these plants more or less operated at
constant load. India also felt the need of energy storage in their power system considering
the prime benefit of using surplus power to pump water during off peak period and to meet

peak demand exclusively during summer months from pumped storage schemes.



During 1965 — 70, the power system in India grew in capacity to cater to the ever
increasing industrial and agricultural load demands to in step with increasing gross
domestic product (GDP). To cater to the increase in load demand in short span to close the
gap between demand and supply, more number of thermal power stations and nuclear
stations were planned during the 1970s. Hence, first pumped storage of mixed type was
added to the grid in 1982 with a capacity of 705.6 MW (Nagarjunasagar, Andhra Pradesh).
During the period from 1982 to 2007, nine (9) mixed type pumped storage schemes with a
total installed capacity of 3654 MW were commissioned in the country. The mixed type
pumped storage hydroelectric facilities developed in India have been planned considering
the necessity of such plants influencing decision regarding the output on one hand and
taking into cognizance the irrigation requirements on the other. Another two (2) pure
pumped storage schemes have been added to Indian grid during the period 2008-2009 i.e.
Purulia (West Bengal) and Ghatghar (Maharashtra). The list of pumped storage plants of

the country and their operational status on pumping mode is shown in Table. 1.1.

Table 1.1 List of Pumped storage schemes in India

Name of the State Capacity Pumping mode
project (MW) operation
Nagarjunasagar | Andhra Pradesh 705.6 Not yet
Paithan Maharashtra 12 Working
Kadamparai Tamil Nadu 400 Working
Kadana Gujarat 240 Not yet
Panchet Hill DvC 40 Not yet
Ujjain Maharashtra 12 Working
Bhira Maharashtra 150 Not yet
Srisailam Andhra Pradesh 900 Working
Sardar Sarovar Gujarat 1200 Not yet
Purulia West Bengal 900 Working
Ghatghar Maharashtra 250 Working

The existing and present operating performances of the above plants are stated in
detail in Chapter - 2.

The use of energy storage devices has not expanded significantly in India as
compared with countries like Japan and China. More reserve generation capacity is
available in developed nations where as India possesses less reserve capacity in their
power system. Hence, operating pumped storage schemes towards profit maximization in a
market driven scenario as adopted in developed countries, does not suit to the Indian

context since the country is facing persisting peak and energy shortage in spite of

2



developments made so for. Sustainable development of pumped storage plant depends on
country’s energy policy planning. However, it is more important to know how its practical

application and benefits would suit to the country’s needs.

The Indian Power Sector is facing major challenges today with the introduction of
reforms, globalization and liberalization policy of the government. The installed capacity
of power system has crossed 243GW as on 2014, along with transmission expansion and
the target is 300 GW by 2022. In India, the demand is found always exceeding the supply
and poses problem on stability and security of power system.

The present research reported herein, reveals how the pumped energy storage
schemes have been developed in Indian context during the past thirty years and how they
are going to be utilized more in pumping operation so as to increase the station output
optimally. It considers more regulations followed on frequency as the operational
frequency is gradually moving towards 50 Hz. The thesis presents an overview of the
country’s power development status, information about India’s pumped hydro-power
potential development made from 6 five year plan up to 11" plan period (1980-2012), its
current status of utilization, schemes under construction, and the plan for development
over the next 10 year period and beyond, due to addition of wind and solar system in the
power system. The role of pumped hydro-power plants operation within the overall power
sector, the economic analysis of existing major pumped storage schemes, and the issues
and barriers that are being faced in developing and operating the pumped hydro-power

schemes have been also discussed.

Further, a detailed analysis has been carried out to evaluate the performance of
Kadamparai pumped storage scheme, which has been operational since 1987 on both the
modes — pumping and generating. The historical performance of the plant has been studied
and analyzed and remedial measures have been suggested to improve the plant
performance. Three analyses have been carried out to study and improve the performance
of the plant. In the first analysis, the plant’s reservoir operation has been studied and a
reservoir regulation has been framed to improve the existing operation with the help of a
simulation model. The operating guidelines have also been framed to maximize the
performance and minimizing the spill to operate the plant efficiently as suggested by
Central Electricity Regulatory Commission (CERC), Government of India guidelines since
the plant doesn’t have such standard operating procedure at present. Variable speed

operation is the latest technology in pumped storage development worldwide. Replacing



variable speed drives with existing fixed speed drives have been suggested while carrying
renovation and modernization since the plant has crossed 26 years of operation. For this
purpose, a detailed analysis has been presented with five year daily head variation data to
ascertain the benefits of variable speed operation over conventional fixed speed operation.
The economical operation of pumped storage scheme is another important factor ought to
be taken in to account for the analysis. Hence, the economic analysis has also been carried
out for the plant to check whether a pumped storage scheme can sustain in the Indian

context economically.
1.2. PUMPED STORAGE SCHEMES
1.2.1. History

The history of the pumped storage plant can be traced back to the commissioning
of 70 KW capacity in Zurich, Switzerland in 1882 [25]. A major plant with a capacity of
1500 KW was built in Schlaffhausen, Switzerland in the year 1909 and it was considered
to be a significant development in the pumped storage system. This was equipped with
separate pump-turbine arrangement. Further, many pumped storage schemes are developed
mostly in European countries such as Germany, Switzerland, and Italy in initial stages
[19]. The development of pumped storage schemes in USA was slow as compared to the
development in European countries. The development of pumped storage schemes started
in Japan after installation of many nuclear plants. By 1933, reversible pump turbines were
widely available and the same were used in the installation of pumped storage schemes.
The construction of pumped hydro schemes was in full swing during 1960 to 1980. At
present, the pumped hydropower plant at Bath County, United States is the world’s largest
plant with an installed capacity of 2710MW [87].

1.2.2. System

By construction, it is a conventional hydro power plant with the option of pumping.
It consists of two reservoirs, one is located at a low level called ‘lower reservoir’ and the
other at a higher elevation called ‘upper reservoir’. During off-peak hours of the grid, the
water is pumped from the lower to the upper reservoir where it is stored. During peak
hours, the water is released to the lower reservoir, passing through hydraulic turbines, for
generating electrical power. Both the reservoirs may be artificial or natural based on the

topology. If any natural stream flow persists, it may enable additional generation. Such



schemes are called mixed pumped storage schemes and the schemes without natural inflow

are called pure pumped storage schemes.
1.2.3. Operation

Pumped storage plants are designed to operate on a daily, weekly, monthly or
seasonal cycle. However, most of the stations in the world are operated on daily cycle
where the storage required is available by pumping and used for generation.

1.2.4. Benefits

The major advantages of pumped storage schemes are quick start to meet load
demand during peak hours and excellent load following characteristics. It has significant
impact on the system load curve for leveling the peaks and valleys. Commissioning of
these schemes in a power system can increase the grid stability and reduce the load
shedding by generating energy during peak hours. The efficiency of the thermal power
plants can be improved by combined operation of pumped storage schemes when demand
is below certain level. In such periods, the pumped storage station can pump the water
back and act as a load of thermal plants, which can stabilize the system. The notable
characteristic of pumped storage scheme is its quick response to sudden load changes in a
grid, while the thermal plants have very slow response. Hence PSP can be used as

frequency regulators of the grid as well as spinning reserve [101].
1.2.5. Machine design

During initial developmental phase, separate pumps and turbines were used. But
such plants were of low capacity. In this recycling process, all the hydraulic, mechanical
and electrical losses are accounted for and the overall cycle efficiency approximately to
66% - 78% [101]. As an efficiency improvement measure, use of separate hydraulic
machines with switching valves for pump and turbine modes was subsequently used. But
this arrangement increased the cost of the hydro-mechanical equipment and of the
powerhouse. The traditional reversible pump-turbines are designed and the turbine
efficiency of reversible pump-turbine is less since priority is given for increased pump
efficiency during design. Later, multistage pump turbines are built for higher head
operation. Better results are obtained with two-speed synchronous motor-generators.
Recent pumped storage machines are designed with variable speed operation to get higher

efficiency, better stability of operation and reduced damage from cavitation.



1.3. LITERATURE REVIEW

This research has been mainly carried out to address the pumped storage sector and
its future in India. For this main objective, a case study i.e. Kadamparai pumped storage
plant has been carried out to understand the techno economic status of a pumped storage
plant in Indian context. Before entering into the detailed analysis of Indian pumped storage
sector and the specific case study, a literature review has been carried out to understand the
fundamental concepts of pumped storage schemes, operational strategies and various
research works pursued in this area worldwide. The operation of pumped storage schemes
worldwide has been published in several reputed international journals and conferences.
The literatures reviewed for this study are the papers published in journals by IEEE,
Elsevier and ASCE, etc. However, the publications related to the current research problem

are discussed under the following categories.
1.3.1. Energy storage

Bridging supply-demand gap is a challenging task in a power system. Conventional
generating plants such as nuclear and coal based plants cannot adjust their output to
address the continuously varying load demand. Further, the stochastic nature of non-
conventional energy resources like wind and solar, makes the power schedule more
complex. To manage such unexpected load variations, power system generally needs about
8-10 % of the reserve in addition to the installed capacity online [82]. Energy storage
schemes have been used as reserve and peak load plants in a power system since many
decades. The role and characteristics of various energy storage schemes in a power system
have been explained in many articles including [8], [13], [40], [45], [53], [70].

Storage schemes are essential in a power system for load leveling, fluctuation
smoothing, uninterruptible power supply and as an emergency power source. Kondoh et al.
(2000) surveyed and compared the various characteristics such as capital cost, lifetime,
output power densities, storage energy densities and losses in operation for the promising
energy storages of pumped hydro, compressed air, secondary batteries, superconducting
magnet, flywheels and capacitors. The authors concluded that each energy storage system

has a suitable range of applications [58].

The energy storage technologies are broadly classified into two categories based on
the duration of operation: small scale storage i.e. storage batteries, fly wheels, etc. and

large scale storage systems i.e. Pumped Hydro Energy Storage Schemes and Compressed



Air Energy Storage (CAES). The fluctuations of small durations i.e. few seconds to
minutes can be met out by small scale devices. Normally, the capacity of small scale
devices varies from KW to few MW. If the fluctuation or the supply gap exists several
hours, then the role of large scale storage is important in a power system. Generally, these

large storage systems are designed for multi-MW capacity.

Energy storage schemes are used for the applications of system regulation, spinning
reserve, peak shaving, load leveling and renewable energy applications in a conventional
power system network. Dell and Rand (2001) have made an evaluation of major energy
storage technologies for their application in centralized and distributed electricity supply
systems. The authors indicated that energy storage schemes are essential where the power
system consists of significant energy contribution from renewable energy sources as there

are suitable to store large quantity of electricity from such sources [22].

A power system consisting of large thermal, nuclear and renewable energy sources
like solar and wind needs energy storage schemes for sustainable operation. The stochastic
nature of the renewable energy sources can be efficiently tapped by using the energy
storage schemes. Robert B. Schainker (2004) presented an overview of different storage
technologies for a sustainable power system operation especially for more renewable
energy sources adopted power system [86]. Beandin et al. (2010) have also presented an
up-to-date review of the state of technology, installations and some challenges of energy
storage technologies especially for large scale renewable energy integration applications.
The state of art reviews reveals that the storage plants will significantly improve the

renewable energy utilization and economic use of the existing generation [9].

Regulation services are one of the major uses of energy storage schemes. Yang et
al. (2008) demonstrated an evaluation process for the selection of energy storage schemes
for regulation services [13]. The power system discussed by the author has large wind
energy penetration. Several energy storage schemes have been compared with many
selection criteria such like cost, life time, efficiency, etc. to overcome the problems from

this large wind energy penetration

From the literatures, it is clear that the role of large scale energy storage in a power
system is essential for any power system not only to meet the peaks, but also to meet the
emergency situations and ensure the reliability of the system. So far, only two storage
technologies considered as suitable technologies for large scale commercial operations are



Compressed Air Energy Storage and the Pumped Hydro Energy Storage. Only two
successful installations of CAES worldwide are 110 MW capacity in United States and
another 290 MW capacity in Germany [109]. The requirement of topology for the
installation of these systems is specific, which limits the commissioning. PHES are

cheaper compared to CAES, as water is the storage medium.

PHES are the only proven large scale (>100 MW) energy storage schemes for
power system operation. Worldwide, there are more than 300 installations with total
capacity of 127 GW [82], [109]. The increasing trend of installations and commercial
operation of these schemes have been witnessed in recent years [21]. In addition, with the
present capacity, it is expected that another 76 GW will be added by 2014 worldwide [82].
Many countries realized the feasibility of this technology and are planning for addition of
pumped storage capacity to the power system, especially to facilitate the use of renewable

energy sources.
1.3.2. Reservoir management

The efficient reservoir operation is not only required to meet consumptive use, but
also to meet non consumptive use, for example hydropower generation. Many system
models are available to arrive at the operation policies. Many general purpose models such
as simulation models, optimization models and system analysis models based on network
flow programming formulation have been developed as per the requirement of valley
projects and applied to achieve higher performance of the projects [67], [107].

The university researchers and practitioners are very keen to apply optimization
and stochastic analysis techniques related to reservoir management problems. Sule (1988)
computed the reservoir water release policies for Shiroro dam hydroelectric power scheme
in Northern Nigeria using a probabilistic dynamic programming model. Simulation results
of the reservoir operating policies show that the efficient use of available resources could
be achieved by operating the hydropower system between 8 and 12 hours per day using
two or three units at a time [92]. Lund (1999) derived theoretical hydropower operation
rules for the reservoirs in series, parallel, and single reservoir. The derived hydro power
rules offer a simplified economic basis for allocating storage and energy in multi reservoir
hydro power systems. The proposed approach was illustrated through theoretical examples
[68]. Chen et al. (2007) developed an efficient macro-evolutionary multi objective genetic
algorithm (MMGA) for optimizing the rule curves of a multipurpose reservoir system in



Taiwan. MMGA gives uniformly spread solutions for a two-objective problem involving
water supply and hydropower generation. The results show that the proposed MMGA is
highly competitive and provides a viable alternative to solve multi objective optimization
problems for water resources planning and management [17]. Arunkumar and Jothiprakash
(2012) have used non-linear programming model to optimize the operation of Koyna
reservoir for maximizing the hydropower production subject to the condition of satisfying

the irrigation demands [7].

Jha et al. (2008) adopted penalty factor incorporated energy maximization type
objective function to reduce the spill from conventional hydro power plant of Japan. They
used stochastic dynamic programming (SDP) models for obtaining the operating policy
and identified storage guide curve for average year [50]. Chang (2008) proposed a real
time flood control optimization model with linguistic description of requirements and
exiting regulations for rational operating decisions. Genetic algorithm was used to search
the optimal releases. He used proper penalty strategy to tackle problems of greater number
of constraints and flood control requirements. He applied this strategy to Shihmen
reservoir in North Taiwan and found that a penalty-type genetic algorithm could
effectively provide rational hydrographs to reduce flood damage [16]. Shenglian et al.
(2009) developed a new model based on combined guide curves for optimizing
hydropower production and for better storage distribution among cascade reservoirs. They
used particle swarm optimization algorithm for optimization and storage effectiveness
index method for the storage allocation. The proposed model with the solution strategy is
capable to produce an extra amount of electrical energy so as to save flood water resources
annually [88]. Zahraie and Hosseini (2009) developed a genetic algorithm (GA)
optimization model for reservoir operation optimization considering variations in water
demands. The uncertainties in the demands are represented by different linear equations
with different combinations of inflow and storage at the beginning of the month. Classic
and Fuzzy regression analysis are used to find out the coefficients of the linear equations of
operation policies. They evaluated the efficiency of operation policies based on the long
term operation simulation of Zayandeh-Rud reservoir in central part of Iran. The
performance indices indicated that the fuzzy linear regression equations based reservoir

operation had the best long term performance in meeting variable demands [110].

The operating policies derived for conventional hydropower plants are based on the
analyses performed by employing several optimization techniques reported in the literature



as discussed above. But, the pure optimization process is a difficult one, in the operation of
pumped storage especially in Indian context, since there are large numbers of constraints
that limit operating flexibility. Many factors affect the day to day operation of pumped
storage are Supply-demand-balance of a power system, Load profiles, Generation mix and

Operation policy based on its cost of generation.

Few authors have investigated the use of various inflow processes and assumptions
in energy maximization and in fixing the capacity of the plant or storage requirement for a
pumped storage. However, no attempt was made to explore the possibility of reducing the
spill in a mixed pumped storage in its lower reservoir based on its operating conditions and

the storage capacity of the reservoir [36], [54].
1.3.3. Variable speed pumped storage schemes

Wilhelmi et al. described the potential advantages of variable speed operation in
hydro power plants, possibilities of variable speed operation in Francis, propeller and
Kaplan turbines, various topologies of variable speed operation, etc. to analyze the
feasibility of variable speed operation. Further, the authors demonstrated an experimental
setup with a small axial-flow propeller turbine which automatically controlled the
converter circuit designed by using artificial neural networks (ANN). Based on the results,
authors concluded that the variable speed technology is superior to the conventional fixed
speed operation mainly from the efficiency point of view and few more considerations
[106]. Fayolle and Lafon carried out a detailed analysis in which they discussed the
evolution of the pumped storage schemes, various developments of the conventional
machineries, variable speed technologies, the adverse effect of the power electronic

converters, various starting methodologies, starting devices, various topologies, etc [19].

Schafer and Simond described the basic principles and advantages of variable
speed machines for large scale hydro and pumped storage operations. The advantages of
the variable speed machine installations in the grid has been demonstrated by simulating
transient and steady - state operational behaviors by using SIMSEN software [84]. Koutnik
et al. (2011) have also demonstrated a simulation model based on SIMSEN software for
comparing the dynamic behavior of doubly fed induction generator with conventional
fixed speed synchronous machine for Frades - 1l hydro power station unit of Portugal [51].
Simond et al. illustrated the expected benefits of adjustable speed pumped storage schemes

in European grid by analyzing network performances and stability. Steady state and
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transient operation of a 230 MVA doubly-fed asynchronous machine (DASM) pumped
storage unit was simulated by SIMSEN software for analyzing the benefits of variable

speed operation [48].

Bocquel and Janming (2005) presented the setup and the characteristics of a 300
MW doubly-fed induction machine with cyclo-converter of Goldisthal pumped storage
plant in Germany. The cyclo-converter of this plant is one of the largest of this kind in the
world. The plant design, control strategies and the benefits of variable speed operation
were detailed by the authors. The power station consists of two doubly-fed induction
machines and two synchronous machines. In order to achieve the high grid stabilization for
variable speed drives a new modified topology was proposed and simulated for various
grid code requirements at various grid failures and also compared with other classical
approaches [14]. Grotenburg et al. (2001) described the dynamic behavior of Goldisthal
variable speed units with a simulation model of doubly fed induction machine. The
simulation model considering the parameters of voltage, power, speed, network frequency
and turbine controllers was developed for analyzing the dynamic behavior of the
Goldisthal variable speed pumped storage scheme in the interconnected German power
system [38].

A case study of Yagisawa pumped storage scheme which is the world’s first
converter fed variable speed pumped storage power system is presented in [33]. Simulation
of a one-line fault of the transmission line of the plant with EMTP (Electro Magnetic
Transient Program) was demonstrated and the results were compared with the practical
fault and protection system data. Kuwabara et al. (1996) presented a case study of 400MW
Ohkawachi Power Station of Japan, which is the world's largest adjustable speed pumped
storage unit. The design parameters, control systems of the machines were demonstrated in
detail and the transient response characteristics with some real time performance tests were

also presented [63].

Jen-Kuang et al. (2007) developed a mathematical simulation model of doubly fed
adjustable induction machine for power system analysis. The proposed model employed
with wire-wound AC excited rotor combined with field oriented control theory based
exciter. The mathematical equations behind the model, control theories, principles and
advantages of adjustable speed pumped storage operations were explained in detail. The

simulation results of the model finally compared with the real time operation of 400MW
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Ohkawachi power plant to ensure the appropriateness and found that it’s suitable to

analyze the dynamic characteristics of doubly fed induction machines [49].

Bendl et al. (1999) simulated the characteristics of a doubly fed induction generator
for variable speed pumped storage application. The impact of active, reactive power
changes and the mechanical speed to the system were demonstrated with a mathematical
model. The higher harmonics due to the effect of the cyclo-converter were also analyzed
[10]. Janning and Schwery demonstrated a doubly fed induction machine with a 3-level
voltage source inverter for variable speed operation, compared the topology with cyclo-
converters and listed the benefits of inverter solution [47].

Suul et al. (2008) demonstrated a topology for variable speed synchronous machine
pumped storage hydropower plant with back-to-back voltage source converter to utilize the
stochastic wind energy of the Faroe Islands isolated grid in efficient way. A simulation
model was developed for analyzing the variable speed operation and control of the
suggested topology. Results show that the variable speed pumped storage technology is
very efficient for island grid operation to utilize intermittent wind energy with high stable

frequency and reactive power management [96].

Inoue et al. (2010) demonstrated a renovation of existing pumped storage power
plant from conventional fixed speed operation to adjustable speed operation. The
renovation work was mainly planned for the frequency control at night. Authors detailed
the layout of the proposed system, the restrictions such as existing equipment capacity, the
maximum discharge and the space, etc. The operational range and benefits of adjustable

system over fixed speed system were demonstrated [57].

The application and analysis of the performance of variable speed pumped storage
scheme reported by the literatures indicate that the variable speed operation is the
advanced technology in pumped storage operation and many PSS are being operated
efficiently with this technology worldwide. But in India, all the pumped storage schemes
are being operated with conventional fixed speed machines. The 1000 MW Tehri pumped
storage scheme under construction, in India, will be first variable speed pumped storage

schemes in the country.

The reservoirs having maximum to minimum head ratio of 1.25 is preferred for
dual speed variable speed operation as a thumb rule. But, the economic and efficiency

analysis of the particular site can only help to arrive at the final decision [19]. In India,
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experts have suggested to adopt variable speed machines for future pumped storage
projects as it can improve the cycle efficiency of the plant for overcoming power shortages

seen almost in all the regions.
1.3.4. Economics of pumped storage schemes

In conventional power system before deregulation, pumped storage schemes are
considered as a part of thermal power plants. The thermal production cost of a power
system can be minimized by proper scheduling of pumped storage plant within the system.
Many conventional methods are used to plan the scheduling of pumped storage plant along
with hydro power plants as elaborated in the literature [42], [65], [97], [98]. Scheduling of
pumped storage plant is successfully solved by pseudo spot price algorithm reported by
Fadil and Yasar (2000) [83]. In this analysis, the thermal power generation of a system and
pumping and generating power limits are determined by the unit’s active generation
incremental costs and pseudo spot prices of purchased active power. The pumping and

generating reservoir limits are also considered while evaluating the pseudo prices.

In the deregulated market environment, power suppliers, investors and traders are
forced to operate their power plants towards profit maximization [89]. Revenue of a PHES,
which is operating in deregulated environment, includes the energy sales during
generation, and incentives from ancillary services fed to the grid. The pumping energy
cost is added to the expenditure. It is possible to increase the revenue of a PHES in
deregulated environment by optimizing the daily bids of day-ahead market.
Kanakasabapathy and Swarup (2008) demonstrated an algorithm to maximize the profit of
multi-unit pumped storage plant based on forecasted hourly market clearing price (MCP).

The algorithm was tested with a pumped storage plant of New York [54].

An optimization method [24] for generation units in a power system for self-
scheduling and trading with maximum profit and minimum risk in electricity market was
developed. A test system consists of thermal, hydro and pumped storage units were
considered in this study. The variances of market clearing prices were taken as risk
constraint for self scheduling of generation units. The pumping and generation limits were
determined based on MCP variations. An optimal bidding strategy was developed in [75]

for individual pumped storage unit owners based on MCP variations.

In a deregulated electricity market, an energy storage scheme acts as a merchant

unit and it has to earn most of its revenue from the sale of electricity to the market.
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Connolly et al. (2011) in [18] investigated the economic viability of a PHES utilizing price
arbitrage on various electricity markets. Three operational strategies were analyzed with
various deregulated markets to maximize pumped storage scheme revenue by utilizing

price arbitrages.

The operation of pumped storage plant depends on many uncertainties. A dynamic
programming model developed to increase the gross margin of pumped storage plant,
wherein the uncertainty in the market price and the inflow rate were integrated [46]. The
study proved that the generation of pumped storage plant, when the locational marginal
price (LMP) was high, produced high revenues than generating all the time. Similarly, the
pumping of the plant when LMP was low reduced the pumping cost. This procedure

generated more income to the pumped storage plant in the real power system.
1.3.5. Study on pumped storage schemes in India

Geetha et al. (2007) optimized the capacity of the pumped storage plant in Indian
context under the ABT regime based on economic emission dispatch algorithm. The
authors optimized storage and machine capacity for Kadamparai PHES in their case study
[36]. Suresh et al. (2011) demonstrated an optimization model using heuristic algorithm for
efficient use of pumped storage scheme in Maharashtra state of India. Daily load curve of
the state was taken in the case study and cost optimization was worked out [94]. Verma et
al. (2010) developed a model to investigate the combined operation of thermal, wind and
pumped storage units for the profit maximization in varying wind, load, and price
scenarios and the model was applied on IEEE-30 bus test system and satisfactory results
were obtained [108].

A business model for Indian pumped storage schemes was demonstrated by Verma
and Batra (2005). In this analysis, PHES was considered as an adjunct of thermal power
plants, the pumping energy and transmission losses were shared by the thermal power
plants and a rent for available storage capacity was paid by the beneficiaries to the PHES.
This model has been proposed as an alternate to the existing method i.e. buying and selling
method. The model was checked with Purulia PHES, Eastern Region in India [104]. Gupta
and Panwar (2005) recommended a two part tariff system for revenue realization to a
pumped storage scheme [39]. Venkateswaralu et al. (2012) proposed a practical approach
for upgradation of a conventional hydro into mixed pumped storage scheme and also
worked out cost- benefit analysis [102].
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The published literature on Indian pumped storage schemes is very limited. Few
papers discussed the optimal operation of PHES with thermal power plants by using
various algorithms and power system models and a few on the economic aspects. The
present research work has been exclusively carried out for Indian pumped storage schemes

with particular reference to Kadamparai pumped storage plant.
14. AUTHOR’S CONTRIBUTION

This research work has been carried out for analyzing the status of existing pumped
storage schemes in India, their operation, various constraints and future prospects.

Operation of Kadamparai pumped storage plant has been analyzed in detail in this context.

e The thesis preliminarily reviews the development of the Indian pumped storage
schemes, historical performance and present operating status. The analysis also
examines the need for such schemes for Indian power sector for reliable power

system operation and to assess various techno — economic benefits.

e The performance of the Kadamparai pumped storage plant has been analyzed in
detail in this thesis by studying historical inflow, power generation and reservoir

storages.

e The operation and role of reservoirs of pumped storage schemes are more
significant than the conventional hydro schemes since PSS involves cyclic
operation. This has necessitated study of reservoir operation of Kadamparai PSP
and the operating guidelines for effective utilization of reservoirs have been
developed by the use of water regulation simulation model developed for this

study.

e Variable speed pumped storage operation is a new dimension in pumped storage
application worldwide to improve efficiency. Hence, a study has been carried out
for the variable speed operation of Kadamparai reversible pump-turbines, which
can be applied during modernization and renovation of the existing turbine-
generator units, since this is in operation more than 26 years. The differences in
efficiency between conventional fixed speed machines and variable speed machines

have been calculated to derive the benefits during generation and pumping cycles.

e The impact of introduction of new tariff mechanism i.e. Availability Based Tariff

on pumped storage schemes has also been studied and presented in this thesis.

15



e Further, the economics of the Kadamparai pumped storage plant and major pumped
storage schemes of the country have been analyzed to understand the economic

status of such plants in Indian context.

e Recommendations have been made to increase the operational performance of
Kadamparai pumped storage plant and for developing more pumped storage

schemes in Indian context.
15. ORGANIZATION OF THE THESIS
The brief details of each Chapter are stated below:

The present Chapter 1 provides an overview of pumped storage schemes and about
the present research, basic concepts, state of art review and author’s contribution in the

related area.

Chapter 2 reviews the performance of the Indian pumped storage schemes before
and after the introduction of ABT. The study also examines the present status and future
prospects in Indian context. The technical and economical parameters of major Indian

pumped storage schemes have been analyzed in this chapter.

Chapter 3 provides description of Kadamparai pumped storage scheme, plant

performance and existing operating pattern.

Chapter 4 deals with the reservoir regulation of Kadamparai pumped storage
scheme by using a simulation model. The step by step simulation procedure, rule curves

and operating guidelines for efficient operation are presented in this chapter.

Chapter 5 presents the variable speed pumped storage operation and the feasibility

analysis of variable speed drives at Kadamparai pumped storage plant.
Chapter 6 provides the economic analysis of Kadamparai pumped storage scheme.

Chapter 7 highlights outcomes of the thesis and provides scope for future work in

the pumped storage schemes in India.
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Chapter 2
UMPED HYDRO-STORAGE SCHEMES AND
ITS FUTURE IN INDIA

2.1. INTRODUCTION

This chapter presents a critical review of the necessity of pumped storage schemes
in India. This review reveals that the major constraint for pumped storage operation in
India is the deficit of off-peak power available in all the regional grids except north-east
region for pumping at present [61]. But the current adverse situation is likely to be
gradually solved by the commissioning of newly proposed power projects. Fixing of a
separate operational tariff for pumped storage schemes throughout the country is another
requirement for which the government has set up a one man committee to analyze the
feasibility for this peak tariff. Non-availability of lower tail pools, irrigation needs also
causes poor pumping operations in some cases. However, most of the states in India are
evincing interest in pumped storage schemes and proposals are being submitted to central

government for securing stations clearance.

In India, planning for integration of pumped storage schemes had started in 1970°s
with a view to operate in co-ordination with especially nuclear plants. The first pumped
storage plant of the country was commissioned in the year of 1980 — 1985 (Nagarjunasagar
Pumped Storage Plant) [100]. At present, 11 pumped storage schemes with an installed
capacity of 4804 MW are functioning in the country and another 1000 MW capacity plant
is under construction. The Central Electricity Authority (CEA - A statutory body of
Ministry of Power, Govt. of India for the technical coordination and supervision of
programmes) has identified 56 potential sites suitable for the development of pumped
storage schemes with a probable installed capacity of 94000 MW [43].

2.2. INDIAN ENERGY SCENARIO AND THE NEED FOR PUMPED STORAGE
INSTALLATION

As per 2011 statistics, India is one of the largest energy producers in the world
holding eleventh rank and approximately its consumption is 2.4% of the total energy
consumption of the world. Also, India stands as the 6" largest installed capacity of

electricity generation and 6™ largest energy consumer of the world [12]. At the time of



independence (15" August 1947), only 1362 MW [81] of electricity was produced in India
from thermal and hydro power plants. India paid considerable attention to the generation of
power since independence, as a result of which, the installed capacity of power has grown
remarkably. The installed capacity of the country as on 30-04-2012 is 201637 MW
comprising of Hydro (38990 MW), Thermal (133363 MW), Nuclear (4780 MW) and
Renewable Energy Sources (RES) (24914 MW) [72]. Figure 2.1 shows the breakup of
installed capacity with RES.

Nuclear

olar power
(149 MW) 0.5%

Diesel
(1,200 MW) 1%

Figure 2.1 Installed capacity of the country as on 30-04-2012 [72]

It is great challenge to meet out the supply — demand gap in India due to growing
economy and scarcity of the power. Energy-wise and peak-wise power supply position
(1984 - 2013) of India is shown in the Figures 2.2 and 2.3. The power system in India is
short of required peaking capacity by about10% and energy shortage by 15% in most of
the states [66]. The growth rate of demand for power in India is higher than that of Gross
Domestic Product (GDP) [27].Various planning reasons such as, over ambitious targets,
delay in placement of order for main plant, delay in environment clearances, rehabilitation
problems leading to litigations, geological surprises in case of hydro projects, non-
availability of gas, etc have attributed to shortage of power availability in every five-year
plans [2].
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Figure 2.3 All India power supply position (Peak—-Wise)
Besides above reasons, less output from thermal stations and reduction of inflow to
the reservoirs due to monsoon failures have also causes shortage of peak power and energy

availability [1]. Various schemes including ultra-mega power projects of thermal, nuclear

and number of hydro projects along with RES like solar, wind and biomass based power
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projects have been planned and under execution by the experts during every five years plan
periods [66]. The concept of the power system to meet the ever growing demand for
electricity is base load demand through thermal and nuclear and to meet the peak demand
using gas stations, hydro and by pumped Storage Schemes (PSS). Table 2.1 indicates the

region wise hydro thermal capacity development of the country.

Right from first five year plan, the ratio of hydro thermal mix for a stable power
system operation in India was taken as 40:60 by the planners [52], [73], [100]. Accordingly
proposals / plans were sanctioned. Table 2.1 shows the hydro thermal mix of the country
and indicates that it is not optimal in western and eastern regions. These regions have large
thermal power plants. Operation of thermal and nuclear stations at high plant load factor
will be difficult without support from hydro stations to take care of the peak load demands.
Various studies have concluded thus the preferable capacity of the pumped storage
installation for thermal dominant power system is 4-5% of the total installed capacity [59].
The region wise percentage of PSS capacity over total installed capacity is shown in
Table 2.2.

Table 2.1 Region wise hydro power station installed capacity as on 30-04-2012 and
PSS percentage to the total hydro capacity [72].

Hydro Thermal | PSS capacity % of % of
Region capacity | capacity PSS to Hydro/Thermal

(MW) (MW) (MW) Hydro | Nuclear mix ratio
Northern | 15122.75 | 3507175 | -0c0 (Under o o 43.12

construction)

Western | 744750 | 49536.79 1864 25.03 15.03
Southern | 11338.03 | 29832.60 2000 17.64 38.01
Eastern 3882.12 | 22605.08 940 24.21 17.17
g‘;{;?n 1200.00 | 1026.94 0 0 116.85

The above scenario clearly indicates that the stable operation of thermal and
nuclear power plants is complicated due to less hydro thermal ratio. The predominant
thermal base of the western and eastern regions implies energy surplus during off peak
hours, which leads to plan special storage/peak plants for the stable grid operation. The
development of Purulia PSS in eastern region and Ghatghar PSS in western region is

ensuring optimum utilization of thermal/nuclear power available in these regions. The rise
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in peak load of the system in many regions except north-eastern region and increasing
contribution of thermal and nuclear power often supports the energy storage installations
of the country. The multipurpose (i.e. mixed type) pumped storage schemes are identified
with supportive topographical settings as suitable energy storage schemes [59], [99], [100].

Table 2.2 Region wise percentage of PSS capacity over total installed capacity

Reqi Total installed Installed capacity | Number of | % of PSS to

egion

J capacity (MW) of PSS (MW) schemes total capacity

Northern 54585.90 1000 : 1 1.83
(under construction)

Western 64894.24 1864 6 2.87

Southern 52739.93 2000 3 3.79

Eastern 26885.91 940 2 3.50

North-eastern 2454 .94 0 0 0

2.3. HISTORICAL PSS DEVELOPMENT IN INDIA

In democratic India, all economical implementations have been executed through
the five year plans. The history of pumped storage schemes in India has been initiated by
an action plan of fifth five year plan. The 700MW Nagarjunasagar (1980 - 1985) pumped
storage plant of Andhra Pradesh holds the credit of first installed pumped storage plant of
the country. The 12 MW Paithan (1984) pumped storage scheme of Maharashtra is the
second installed pumped storage scheme. Both these two pumped storage plants were
executed by the sixth five year plan. The 400MW Kadamparai (1987 - 1989) pumped
storage plant of Tamil Nadu state was commissioned during seventh five year plan.
Kadana 1% stage (1x 60MW) (1990) in Gujarat and Panchet hill second unit (40 MW)
under Damodar Valley Corporation (DVC) in Bihar were commissioned in 1990-91.
During the eighth five year plan, Ujjain (1x12MW) (1990) and Bhira (1995) (1x 150 MW)
pumped storage schemes of Maharashtra state were commissioned. One unit of Kadana 2™
stage (1x60 MW) was commissioned in March 1996 and another unit (1x60 MW)
commissioned during 1998 in Gujarat. Srisailam Left Bank Power House (LBPH) pumped
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storage scheme (6x150 MW) in Andhra Pradesh was commissioned in the year 2001 -
2003. Sardar Sarovar Right Bank Power House (RBPH) (6x200 MW) mixed pumped
storage was commissioned in 2006 in Gujarat. Purulia, a pure pumped storage plant (4x225
MW) in west Bengal was commissioned in 2007-08. The Ghatghar PSS (2x125 MW) in
Maharashtra, a pure pumped storage was commissioned during 2008. The Tehri Hydro
Development Corporation, a public sector enterprises of India constructing country’s
largest Tehri PSS of 1000 MW (4x250 MW). It is the highest capacity of mixed type
pumped storage plant is under construction in Uttarakhand state and expected to be
commissioned by 2016. Table 2.3 shows the historical development of PSS in the country
based on five year plans [100], [101].

Table 2.3 Pumped storage growth based on five year plans in India

Cumulative capacity
Plan Installed capacity of PSS (MW) of PSS at the end of
plan (MW)
Up to 5th plan (31-3-1980) Nil Nil
612
Sixth plan (1980-85) (Nagarjunasagar, Paithan) o1
500
Seventh plan (1985-90) (Kadamparai, Nagarjunasagar) Hie
160
Two annual plans (90-92) (Kadana Units - 1&2, Panchet hill ) tere
222
Eighth plan (1992-97) (Kadana Unit — 3, Bhira, Ujjain) 144
960
Ninth plan (1998-02) (Srisailam, Kadana Unit - 4) 2404
2100
Tenth plan (2002- 2007) (Sardar Sarovar, Purulia) o
Eleventh plan (2007-2012) 250 (Ghatghar) 4804
Twelfth plan (From 2012) 1000 (Tehri) 5804
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24. PRESENT OPERATIONAL STATUS AND CONSTRAINS IN OPERATION
OF PUMPED STORAGE SCHEMES IN INDIA

At present, eleven (11) pumped storage schemes are located in various states in
India. Out of which, nine (9) pumped storage stations are mixed type and two (2) are pure
pumped storage type. The following eight (8) stations are operated in both the modes i.e.
pumping & generation as per the grid requirement: Paithan, Ujjain, Kadamparai, Srisailam,
Purulia, Kadana, Bhira and Ghatghar. These pumped storage stations are operating in
pumping mode for fewer hours than that contemplated in the project report due to
unavailability of surplus energy in the power system for more hours. It is the prime reason
for less overall output from these stations. In India, in normal days surplus power is
available only during off-peak hours i.e. midnight to 5 am with limited capacity or less
than the requirement of pumping capacity of the plant. During national holidays and
weekends, the machines are operated as pump for more hours since low energy
consumption by the industrial sector. More surplus power is available during wide spread
rain in a region when energy for agricultural pumping is not required. However, daily
assigned pumping and generating hours has been designed as per DPR e.g. 6 hours
generation, 8 hours pumping for a day for a typical PSS has not been achieved so far.
Hence, most of the PSS stations achieved 40 — 50 % of the projected design energy as
mentioned in DPRs of the corresponding pumped storage plants, since the country is
always facing energy shortage (Table 2.4). This table have been considered only large
capacity PSS, Paithan and Ujjain PSS of 12 MW capacity have not been considered.

Nagarjunasagar, Panchet hill (DVC) and Sardar Sarovar pumped storage schemes
are working as conventional hydro generators due to more inflow and commitment to
irrigation needs. The tail race reservoir is under construction in respect of Nagarjunasagar
and Panchet hill stations. Though these power stations have been constructed as pumped
storage plants, these are being for generation only mode since more inflow is available to
the respective reservoirs. However, due to upstream developments taking place at present,
the corresponding reservoirs are getting less inflow. Hence, the tail race dam is under
construction to develop the lower reservoir, so that these stations can also operate in
pumping mode. In the case of Sardar Sarovar project, priority is given for irrigation for the
period of five years and pumping operation from the station will be carried out at a later
stage after stabilization of the irrigation lands in desert area [100].
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Table 2.4 Hydro generation performance data (2010 - 2011), Hydro Planning
& Investigation Division, CEA, August 2011 (Units are in MU)

Station Eﬁseifgr;fd 1996-97 | 1997-98 | 1998-99 | 1999-00 | 2000-01 | 2001-02 | 2002-03
Purulia 1700 - - - - - - -
Kadamparai 797 131 150 187 143 187 163 203
Bhira 775 - - 438 597 - 540 565
Ghatghar 410 - - - - - - -
Kadana 518 317 421 405 188 0 41 8
Srisailam 1400 - - - - - 381 558
Station 2003—04 | 2004-05 | 2005-06 | 2006-07 | 2007-08 | 2008-09 | 2009-10 | 2010-11
Purulia - - - - 385 670 867 878
Kadamparai 408 256 581 427 456 294 419 572
Bhira 539 580 701 - - - - -
Ghatghar - - - - - 95 149 350
Kadana 101 362 209 352 299 78 114 118
Srisailam 328 1411 | 2232 | 2512 | 2546 1802 | 1279 1991

After introduction of Availability Based Tariff, the frequency variation could be
limited within the range 49.0 — 50.5 Hz. Prior to the same (pre 2003), the variation in
frequency was from below 48.0 to 52.0 Hz on daily basis [11]. The graph (Figure 2.4)
shows the percentage of time of operating frequency between 49.0 Hz and 50.5 Hz pre -
ABT periods, which clearly indicates the low frequency operation [26]. The design
frequency of the all-reversible pump/turbine of the country for pumping operation is 49.5 —
50.5 Hz, the range fixed by the regulators. The overall unsatisfactory performance of the
power sector is also reflected in the operation performance of pumped storage schemes too
[93]. The main requirement for satisfactory operation of pumped storage schemes are
adequate water in the tail race reservoir and frequency above 49.5 Hz with availability of
required power for pumping. Seven pumped storage schemes were commissioned during
the period from 1980 to 2000 and due to absence of tail race reservoir or non-availability
of surplus energy in the system, pumping operations were adversely affected. Hence,
mostly these PSS were operated in conventional hydro-generating mode to meet irrigation
/ peak demands. However, the performance of these stations in conventional mode has
been satisfactory. Improvement in performance of pumped storage plants Kadamparai,

Purulia and Ghatghar can be seen from the energy production data for the period from
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1996 — 2011 presented in Table 2.5, which has been possible due to implementation of
ABT.
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Figure 2.4 Percentage of frequency [26]

Table 2.5 Hydro generation performance data (2010 - 2011), Hydro Planning &
Investigation Division, CEA, August 2011

(Units are in MU and ratio of actual energy generation to design energy is in %)

Station Eﬁi‘fg’; 1996-97 | 1997-98 | 1998-99 | 1999-00 | 2000-01 | 2001-02 | 2002-03
Purulia 1700 - - - - - - -
Kadarmparai 297 131 150 187 143 187 163 203
P (16%) | (19%) | (23%) | (18%) | (23%) | (20%) | (25%)
Ghatghar 410 - - - - - - -
Station 2003— 04 | 2004-05 | 2005-06 | 2006-07 | 2007-08 | 2008-09 | 2009-10 | 2010-11
Purulia ] ] ] ] 384 669 867 878
3%) | (39%) | (51%) | (52%)
Kadamparai | 208 256 581 427 456 294 419 572
P (51%) (32%) | (73%) | (54%) | (57%) | (37%) | (53%) | (72%)
Ghatahar ] ] ] ] ] 95 149 350
g (23%) | (36%) | (85%)

2.5, ECONOMIC ANALYSIS OF INDIAN PUMPED STORAGE SCHEMES

In developed countries, the operation of pumped storage is based on price-based
mechanism, since they have sufficient surplus and various operating arbitrages with

incentives for the independent generators. In such environment, the schemes are designed
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to buy cheap off-peak energy from the grid for pumping and sell the energy during peak
hours at a competitive price, which is higher than purchase price. Indian power industry
has not yet commenced such a commercial operation of pumped storage, since cost of
common off peak power for pumped storage is yet to be fixed [91], [101]. However, an
economic analysis has also been carried out for Indian pumped storage schemes since these
are the only bulk energy storage schemes for the country. Various costs involved in

pumped storage operation in Indian context are analyzed briefly in the following chapter.

2.5.1. Costs Involved in PHES Operation in India

Evaluation of PHES development during planning stage was carried out based on
site condition, investment cost, and possible operating hours on both modes and
considering the marginal cost of production from thermal power stations. The following

Table 2.6 shows the capacity and investment of 6 major PHES of India.

Table 2.6 Capital cost of major PHES [37], [79], [90]

Capital cost
Install_ed . Capital cost adjusted to
Sl Name of capacity Commissioned
2013
No. PHES year -
MW (Million (Million
(MW) Rupees) Rupees)
1 | Kadamparai® 400 1987 2250 13809.3
2 | Srisailam 900 2003 26200 51602.7
3 | Ghatghar® 250 2008 19280 23751.2
4 | Purulia® 900 2008 26388.2 36734
5 | Kadana 240 1998 3425 7997.1
6 | Bhira 150 1995 2570 6943.3

& Data collected from plant authorities

The cost of commissioning of various PHES has been adjusted to the year 2013
with inflation by using wholesale price index of India. Out of 11 commissioned PHES,
only 6 schemes are presented in the table. Paithan and Ujjain PSS of 12 MW capacity have
not been considered due to its very low contribution to the grid. As the tail race reservoirs
are under construction in Nagarjunasagar and Panchet hill PHES, they have also not been
considered. The 1200 MW Sardar Sarovar PHES is being operated as a conventional hydro
generator due to more inflow and commitment to irrigation needs and hence it is also not
considered. It is also observed from the Table 2.6, that the investment cost is different for
Srisailam and Purulia even though they have same installed capacities which can be

attributed to the site specific conditions usual with hydropower stations.
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Figure 2.5 Capital cost/MW for major PHES

The specific cost (Rs./MW) of 6 PHES in India is shown in the Figure 2.5 The
specific cost varies from Rs. 33 Million to Rs. 57 Million for the above stations except
Ghatghar, where it is Rs. 95 Million. Ghatghar and Purulia are pure PHES which are
commissioned recently and their capital cost includes all the components such as dams,
transmission lines, water conductor system, hydro-electric, hydro-mechanical systems, etc.
The other plants are mixed PHES where either upper or lower or both the reservoirs were
already available [refer Annexure - 2]. Generally, specific cost of smaller power plants is
higher than the larger power plants. The site specific reservoir volume and L/H ratio are
also major parameters for determining PHES’ capital cost. Hence the specific cost of the
Ghatghar is high. Further, general escalation in input costs [105], additional cost involved
in restoration after natural disaster during construction period and other inflationary factors

have been the causes for higher specific cost for same plants as compared to others.

Generally, three costs are involved in PHES operation i.e. the generation cost, cost
for pumping energy and cost for other operational benefits such as VAR regulation, etc.
The first two costs decide the regular economics of PHES. The third one is usually
complex in nature and has not been considered in this study since very less synchronous
condenser operation of PHES was recorded. Capital investment and operation and
maintenance (O&M) cost determine the production cost of the station based on the design

energy and it varies based on the actual operation.
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The production cost based on design energy to the capital investment for three
regions (east, west and south) has been calculated for four major PHES in India and is
shown in the Table 2.7. Out of the four schemes, two are mixed type and other two are
pure storage schemes. 20% of the capital investment has been assumed as annual
expenditure i.e. annual fixed cost (AFC). The investment costs during different years have
been converted into the cost as per 2013 by using wholesale price index of India. The
production cost has been worked out for energy produced equal to 100%, 75% and 50% of
the projected design energy.

Table 2.7 Generation cost based on designed energy to capital investment

Description Kadamparai | Srisailam | Purulia Ghatghar
Installed capacity (MW) 4 x 100 6 x 150 4 x 225 2 X125
Year of commissioning 1987 2003 2008 2008

Type Mixed Mixed Pure Pure
Design energy (MU) 797 1400 1700 470

Capital investment on

commissioning (Rs. x 107) 225 2620 2638.82 1578.90
Capital investment adjusted to 1380.93 5160.27 3673.40 2375.12
2013 (Rs. x 10")

Annual Fixed Charge (AFC)

(@20% of Investment) 276.19 1032.05 734.68 475.02
(Rs. x 10")

Cost/KWh (in Rs.)

For 100% DE (Design Energy) 3.47 7.37 4.32 10.11
For 75% DE 4.62 9.83 5.76 13.48
For 50% DE 6.93 14.74 8.64 20.21

The cost of energy produced from PHES depends upon the following factors:
- Available head (m) for operation and topography of both the reservoirs.

- Plant utilization factor.

- Capital cost.

- Cost of pumping energy.
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The cost of pumping energy was not separately shown in expenditure account of
the station, but found included in the overall expenditure of the concerned state electricity

board’s account e.g. Kadamparai pumped storage plant.

Production costs based on actual generation of the plants are shown in Table 2.8.
Investment cost has been considered as on the commissioning year and hence inflation has
not been added. The results show that the gradual increase in plant performance reduces

the generation cost.

Table 2.8 Generation cost based on actual annual energy generation to capital

investment
Generation cost (in Rs/kWh) for 20% AFC

Station 2001-02 | 2002-03 | 2003-04 | 2004-05 | 2005-06 | 2006-07
Purulia - - - - - -
Ghatghar - - - - - -
Srisailam 13.75 9.39 15.98 3.71 2.35 2.09
KPSP 2.88 2.22 1.10 1.76 0.77 1.03

Station 2007-08 | 2008-09 | 2009-10 | 2010-11 | 2011-12 | 2012-13
Purulia 13.74 7.89 6.09 6.01 - -
Ghatghar - 33.24 21.19 9.02 - -
Srisailam 2.06 2.91 4.09 2.63 - -
KPSP 0.98 1.53 1.07 0.79 0.89 -

The above operating costs are calculated only by considering the generation cost.
But pumping cost is the major factor, which determines the real economics of a pumped
storage plant. The economic aspect of pumped storage schemes on pumping operation in
India prior to restructuring of power industry or in the present young liberalized market is
not recorded in the respective stations. The reason is all the commissioned PHES prior to
restructuring are mixed storage schemes, which are operated as conventional hydro
generating stations most of the times and for very less duration are operated in pumping
mode. Further all the commissioned PHES of the country except Bhira PHES (IPP —
Independent power producer) have been operated by the concerned state governments for
their intrastate needs and price based operations do not exist in India. The economics of the
PHES calculated by the authorities like conventional hydro power stations i.e. sale cost
fixed as average cost per KWh of the respective state based on the revenue earned, and the
pumping energy cost is mostly adjusted with the total revenue of the state electricity board
as other expenditure.
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2.6. FUTURE PROSPECTS

As mentioned earlier, CEA has identified 56 potential sites suitable for
development of pumped storage schemes. Figure 2.6 shows the potential PSS sites in India

and Table 2.9 indicates the region wise capacity available for PSS development.

Before developing new pumped storage schemes, it is necessary to establish the
need for a pumped storage scheme in relation to the total installed capacity and
maintaining the base rule of peak load plant to base load plant mix ratio as 40:60. Study
reports suggest the optimum installed capacity of pumped storage in a predominant

thermal/nuclear would be in the order of 4 to 5% of the total installed capacity [59].

Table 2.9 Region wise distributions of identified pumped storage schemes

Region No. of identified Probab_le installed
schemes capacity (MW)
Northern 7 13065
Western 25 38220
Southern 16650
Eastern 9085
North-Eastern 10 16900

Increase in RES utilization is another major area of Indian energy sector. The total
estimated potential of renewable energy of the country is around 85000MW from
commercially exploitable sources, i.e., wind, small hydro and biomass/bio-energy
excluding solar energy [60]. In 2011- 12 installed capacity of renewable sources has

represented nearly 13% of the total installed capacity.

The notable renewable energy in India is the wind energy. Worldwide, the
increasing trend of commissioning of wind power plants in power systems is found and it
is considered as more commercially viable as compared to other renewable energy sources
[62]. The stochastic nature of the wind energy can be managed by combining with energy
storage schemes [45]. As on April 2012, 17353 MW installed capacity of wind energy has
been established in the country. Now India is the fifth largest wind power producer in the
world. Apart from the above installed capacity, the estimated wind energy potential of the
country is 49130 MW [3]. The efficient utilization of renewable energy can be achieved by
coupling the same with pumped storage systems. Similarly, pumped storage schemes can

play a vital role in the production of electricity from solar energy (photovoltaic and
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thermal routes) [22]. The Table 2.10 shows the development of grid connected renewable

power in India [28].

GUJARAT

° - s e

: el .

o ) 3 8 "
LRI :

(@) SIKKIM
mesesin  OF (b) ARUNACHAL PRADESH
BENGAL  (c) ASSAM

(d) MEGHALYA

(e) TRIPURA

(f) MIZORAM

. (g) MANIPUR

Y (h) NAGALAND

-’ ..-‘. - b

‘. oo, » § st
3

o O Rt
T HYDERABAD\: o &=
s ettt

Legend :

Pumped Storage Schemes
A Existing / Under Const.
@ |dentified / Cleared by C.E.A
o Capital / U.T.

_ Rivers

IDENTIFIED POTENTIAL
NR | WR | SR | ER | NER

MW [13065]38220|16650( 9085 16900

Figure 2.6 Existing schemes and region wise identified sites

Dudhani (2006) et al. [27] highlighted the gap between peak load power demand
and availability of power at the regional level, also analyzed how this gap could be bridged
by utilizing nation’s renewable sources. The analysis and mathematical model reveal
surplus energy in all the regions if the renewable energy potential could be tapped to the

power grid as utilizable energy and allocated in optimal way since all the grids are
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interconnected. The major reason for lack of pumped storage operation is the deficit of
surplus power for pumping operation. If the above scenario persists i.e. the planned

capacity of renewable energy sources executed in future, the pumping operation could be

carried out efficiently and it would increase the overall system efficiency.

Table 2.10 Development of grid — connected renewable power in India (in MW) [28]

Achieved In Process | Anticipated Targets
Byetheend | 10" Plan | Anticipated | Bytheend | By the end
Fiveyear | Of the gth inthe 11" | ofthe11™ | of the 13™
plan plan plan plan plan
(cumulative | (additions (additions | (cumulative | (cumulative
installed | during plan | during plan installed installed
capacity) period) period) capacity) capacity)
Through Through Through
Years 2002 2002 — 2007 | 2007 — 2012 2012 2022
Wind 1667 5415 10500 17582 40000
Small 1438 520 1400 3358 6500
Hydro
Biomass 368 750 2100 3218 7500
Solar 2 1 1000 1003 20000
Total 3475 6680 15000 25161 74000
2.7. SCHEMES CLEARED BY CEA

Only two pumped storage schemes have gone through all the processes laid down

by CEA and the remaining proposals are in planning stage. The two projects are namely,
1000 MW Tehri — 1l stage in Uttarakhand and the 80 MW Koyna pumped storage scheme

in Maharashtra.

The Tehri project is under construction and expected to be commissioned by 2016.
This project is noteworthy because for the first time in the world, a turbine-pump has been
designed to cater to the largest head variation in the world. Initially, the plant was planned
to adopt two speed variable drives for utilizing this high head variations which has been
subsequently changed to adopt doubly fed induction generator for variable speed operation
[32].
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2.8. CONCLUDING REMARKS

The pumped storage plants so far established in the country have not been able to
function as projected due to non-availability of surplus energy in the power system to meet

the pumping power needs.

In developing economies, where energy demand grows incrementally, it becomes
increasingly difficult to bridge the gap between demand and supply. In such a scenario, it
becomes extremely difficult to attain a state of surplus energy supply. Hence, planning for

pure pumped storage schemes need to be considered with due caution.

With increased harnessing of renewable energy sources like wind and solar, storage
of energy plays a vital role for effective utilization of energy produced from such sources.

Under this scenario, development of pumped storage schemes needs to be considered.

In future, for reservoir based hydropower developments, it may be worthwhile to
plan for about 20-25% of capacity for mixed mode operation. Such a situation would
insulate the power plant from reduced capacity utilization in the event of lesser inflow into
the reservoir due to increased upstream utilization of water and also helps in storage of

energy produced from renewable energy sources for use at a later time of need.

Planning for development of pumped storage schemes need a detailed study of the
power system regarding availability of surplus energy, and only after the same is
established, implementation should be taken up. Such a calculated strategy can only ensure

projected performance bench-mark and financial efficiency.
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Chapter 3
REA - KADAMPARAI PUMPED STORAGE
PLANT

3.1.  INTRODUCTION

The Kadamparai pumped storage scheme of Tamil Nadu Generation and
Distribution Corporation Limited (TANGEDCO - Formerly known as Tamil Nadu
Electricity Board (TNEB)), Tamil Nadu, India was commissioned in 1986 with an initial
capacity of 100 MW. The plant’s operating capacity has been enhanced to 400 MW (100
MW x 4 units) in the year 1988 - 89. It is a mixed pumped storage plant located in
Coimbatore district of Tamil Nadu state, Southern India. It was planned and designed as a
cavern power house so as to have minimal environmental impacts. The plant has the
distinction of first pumped storage plant in India which operated on pumping and
generation modes. It represents 10% of the total capacity of the Tamil Nadu when it was
commissioned. It has been designed to store the excess energy from nuclear, thermal and
hydro plants in the state and to meet the load during the peak hours. The location of the

Kadamparai pumped storage plant is shown in the Figure 3.1.

Reservoirs, water conduit system and the power house are the three major elements
for any pumped storage system. These three elements of the Kadamparai pumped storage
scheme are explained in the following sections. Besides the above, the operational pattern
of the plant, its historical performance, operational constraints and study on the need to

improve the plant performance are also discussed.
3.2. RESERVOIRS

The upper reservoir of the Kadamparai pumped storage plant (KPSP) is on
Kadamparai river and the lower reservoir is on the Aliyar river. The Kadamparai river is
the tributary of the Aliyar river. The pumped storage scheme has been developed later with
the existing Upper Aliyar reservoir. Kadamparai dam was built as a part of the pumped
storage scheme during 1979 — 84. The Aliyar river already has two reservoirs i.e. Upper
Aliyar and Lower Aliyar reservoirs, which were built during 1962-70. The upper Aliyar
reservoir located in Anaimalai Hills acts as the lower reservoir of the pumped storage

scheme. It has a power plant of 60 MW capacity built in 1962. The lower Aliyar reservoir



has also a mini hydro plant for the capacity of 2.5 MW (2 x 1.25). The tail water released
from the power generating unit of the Lower Aliyar reservoir is used to irrigate the
command area located downstream of the reservoir and it is under the control of public
works department (PWD). The locations of these cascaded reservoirs are represented in
Figure 3.2.

TAMILNADU

KADAMPARAI

Figure 3.1 Location of Kadamparai pumped storage plant

The natural flow of the main stream and tributaries of the Aliyar river is diverted
through the weirs such as Vandal dam, Akkamalai dam and Deviar dam through a 3558 m
long diversion tunnel to create a pool for a pumped storage operation at Kadamparai
reservoir. The maximum discharge capacity of the diversion tunnel is 42.58 m*/sec. The
diversion of the water from the weirs has increased the catchment area of the Kadamparai
dam from 22.75 km? to 83 km?. The layout of the Kadamparai pumped storage project on

the Aliyar river along with other cascaded reservoirs are shown Figure 3.3.
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The Kadamparai reservoir (Upper dam of PSP) is located at the elevation of 1149
m has a gross storage capacity of 30.8 x 10° m® and a live storage of 26.8 x 10° m*. The
height of the dam is 67.5 m, and the crest length is 808 m. The maximum flood discharge
capacity of the dam is 518 m*/sec. The Upper Aliyar reservoir (Lower dam of PSP) is
located at the elevation of 770 m and has a live storage capacity of 21 x 10° m®. The

available head at Upper Aliyar dam is 1475 ft.

Kadamparal
reservoir

Flume

Diversion tunnel .
\' Gate shaft Upper Aliyar dam

Headrace tunnel

Access tunnel Aliyar river

3 /Gate shaft

Akkamalai
weir

Py
S\gmaiiees

K
'
Vandal dam ¥
R
L

Pressure shafts Tailrace tunnel Aliyar powerhouse

Powerhouse

Figure 3.2 Layout of the Kadamparai pumped storage project on the Aliyar river

3.3. WATER CONDUIT SYSTEM

A 1222 m long, 7 m diameter, 150 m®/sec. capacity head race tunnel is used to draw
the water from the upper reservoir i.e. Kadamparai reservoir. A head race surge shaft with
83 m height, 15 m diameter with restricted orifice type bell mouth arrangement is located
at the end of this head race tunnel. Two pressure shafts of 507 m length each and 4.5 m
diameter inclined at an angle of 51° to the horizontal have been excavated beyond the
surge shaft well. The discharge capacity of these pressure shafts is 75 m*/sec. Further,
these two pressure shafts bifurcate near the underground powerhouse cavern and forming
four penstocks with 3 m diameter and 37.5 m®/sec. discharge capacity. The power house
200 m below the ground level is housing four reversible turbine-generator units with the
dimension of 128.5 m long, 20.4 m wide and 33 m high. The tailrace tunnel which is used
to deliver the discharge from the powerhouse to the Upper Aliyar reservoir is 1476 m long,

7 m diameter and 150 m*/sec. discharge capacity [6].

37



VANDAL DAM

AKKAMALAI WEIR

DEVIAR WEIR

.
%:'ZTUNNEL
i

PUNACHI DIVERSION
WEIR

PUNACHI
PICK-UP WEIR SURGE SHAFT

( HEAD RACE )
GATE SHAFT

PUNACHI MINI

H.E. POWER HOUSE
ACCESS TUNNEL

ll GATE SHAFT \

KADAMPARAI
FORE BAY DAM

e "~ PRESSURE SHAFT

710 m

=g
ZTAIL RACE \_
TUNNEL |POWER HOUSE ( 4 X 100 MW KADAMPARAI P.S.)
UPPER ALIYAR
RESERVOIR ( TNEB) S(l_]rlzﬁ-ERSAIéAEF;I'

ALIYAR P.H
( AT NAVAMALAI )
(1X60MW)

LOWER ALIYAR
RESERVOIR ( PW.D )

Figure 3.3 Kadamparai pumped storage scheme

3.4. POWER HOUSE

A cavern power house located in between Kadamparai and Upper Aliyar reservoirs
has four reversible pump turbine Francis units. The major components of the power house
and technical specifications of the Kadamparai pumped storage scheme are discussed in

the following subsections.

3.4.1. Electromechanical system

The Kadamparai Power House is equipped with four reversible Francis turbines.
The distributor centerline of each unit is at the elevation of 710 m. The first unit was
commissioned by BHEL (Bharat Heavy Electricals Ltd., India) in the year 1986 - 1987
turbine supplied by Boving and generator by GEC of UK. The remaining three units were
manufactured and supplied by BHEL, Bhopal, India. All the reversible units are designed
to operate under the net head of 341 m in the turbine mode and 381 m in the pump mode.
The rated capacities of the machines are 102 MW and 107 MW as turbine and pump

respectively.
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3.4.2. Generator / Motors

The capacity of generator/motor is 111.1 MVA as generator and 111.224 MVA as
motor and is at an operating power factor of 0.9 and 0.95 respectively. The generation
voltage of each unit is 11kV and the static excitation system operates at 222 VV DC (Direct
Current) and 852 Amps field current.

The following two methods are adopted for starting the synchronous machine on

pump mode.

e Back to back starting.
e Static Frequency Converter.

3.5. TECHNICAL SPECIFICATIONS
3.5.1. Upper reservoir (Kadamparai reservoir)

Full reservoir level (FRL) 11490 m
Minimum draw down level (MDDL) 1112.0m
Catchment area 22.79 km?
Gross storage at FRL 1080.9 Mcft
Storage at MDDL 140.5 Mcft
Height of dam 67.5m
Maximum flood discharge 517.8 m*/sec.

3.5.2. Lower reservoir (Upper Aliyar reservoir)

Full reservoir level (FRL) 769.62 m
Minimum draw down level (MDDL) 745.24 m
Catchment area 46.8 km?
Gross storage at FRL 937.89 Mcft
Storage at MDDL 195.5 Mcft
Height of dam 80.77m
Maximum flood discharge 1528 m*/sec.
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3.5.3.

3.5.4.

3.5.5.

3.5.6.

3.5.7.

Penstock

Number of branches 4

Size 3 m diameter

Length 38 m (each penstock)

Capacity 37.50 m®
Head race tunnel

Sill level at entry 1102 m

Section circular 7 m diameter

Length 1222 m

Capacity 150 m?

Pressure shaft

Size 4.5 m diameter

Length 507 m

Capacity 75m®
Tailrace tunnel

Sill level at entry EL 745.25m

Section circular 7 m diameter

Length 1476 m

Capacity 150 m?
Turbines

Tvpe Vertical, Mixed flow,

yp Francis reversible

Rotational speed 500 RPM

Number of units 4

Runner discharge diameter 3296 mm

Specific speed generation (metric) 127

Rated head (generation/pumping) 341 m/381 m

Design flow (turbine/pump)

34 m/26.2 m®

Output at rated head (turbine/pump)

102 MW/107 MW
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3.6. OPERATIONAL PERFORMANCE

The Kadamparai pumped storage plant has been designed to operate based on daily,
weekly and seasonal scheduling. The daily load curve of Tamil Nadu generally represents
morning peak demand, evening peak demand and slack time during night. The operation
schedule of the Kadamparai PSS always depends on the load pattern as mentioned above.
During first ten years of operation, the performance of the plant was below projected level
due to low grid frequency, i.e. grid operated mostly at frequency below 49Hz. Since most
of the time, the frequency remained below 49 Hz, no surplus power was available for
pumping operation. Hence generation in pumping mode was adversely affected, causing
overall poor performance. However, during monsoon periods, the station was operated as a
conventional hydro generating station using the monsoon run-off and grid requirement.
Mainly the pumping operation was carried out during weekends and on national holidays.
Further a major fire accident occurred in the transformer cavern in the month of October
1990 causing major outage of the station. The plant was brought to full capacity i.e. 400
MW after a major renovation in the year 1997. Hence the plant’s contribution as a pumped
storage plant has been very low till the year 2000. ‘Availability Based Tariff” was
introduced on 1% Jan 2003 in the southern regional grid. After the introduction of ABT,
improvement in frequency occurred, resulting in pumping operation during night hours.
Contribution by the KPSP station in both modes has increased thereafter. The generation
and pumping performance of the plant after ABT is shown in the Figures 3.4 and 3.5 and
the overall operational performance of Kadamparai plant is illustrated in Figure 3.6 from
1987 — 88 to 2011 — 12.
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Figure 3.4 Generation of Kadamparai after ABT
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Figure 3.5 Pumping of Kadamparai after ABT

Energy projected as per the DPR of Kadamparai pumped storage plant is 797 MU
i.e. 6 hours generation and 8 hours pumping for about 300 days in a year including the
energy generated from the natural inflow. 581 MU generated during 2005 - 06 is
considered as highest energy generated since the inception of the plant. Further, load
shedding has been a regular feature from 2008 due to rapid increase in demand which has
been reflected in the plant performance of KPSP. As a result, the plant generated only 292
MU with the increase of power cut from 10% to 40% in 2008-09, as insufficient power to
operate all the 4 machines for pumping was available. The generated output and its
percentage to the DPR-value are shown in figure 3.6. Gradual addition of wind power
plants capacity has been brought into the grid from 2001 onwards and surplus energy from
wind is being utilized through this pumped storage plant. Wind energy utilization has
contributed increased power input for pump operation and thereby increased output in
power contribution to the state grid during peak and emergency periods. The increase in

power output after 2008 - 09 is evident from figure 3.5.
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Figure 3.6 Operational performance of Kadamparai
3.7. OPERATING PRACTICE

The following facts have been observed from the above plant performance analysis

and historical operational pattern,

e The plant is mainly used for peaking purpose as storage plant. It is being operated
during morning peak and evening peak as generator and utilized for pumping
during slack hours of Tamil Nadu state grid.

e Apart from the above peaking operation, it is also used for emergency periods such
as plant outages if any in the power system.

e Pumping used to carry out at the time of surplus power available in the grid during
night in regular days and during day time mostly in weekends.

e Operated one or two units for more hours as conventional hydro power plant at the
time of high monsoon periods.

e |t is also observed that the plant has been operated as synchronous condenser for
limited hours in past records.

e The plant is mainly operating based on daily and weekly cycle of the load curve of
the state grid and utilized as a last tool in merit order dispatch.

e Combined storage (sum of upper and lower reservoir storage) of 1600 Mcft to 1800
Mcft is maintained during monsoon periods of the year and gradual reduction of
combined storage to 800Mcft to 1000 Mcft is maintained for flexible plant

operation.
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3.8.

No standard operating/scheduling procedure or practice is adopted for this station.
Hence, it always follows the load despatch centre’s commands being a reserve

plant of the power system.

LIMITATIONS OR OPERATING CONSTRAINTS

Full reservoir level during monsoon period in both the reservoirs imposes
restriction on generator or pump operations.

Discrete operation: Change of generation to pumping mode and vice versa causes
more start and stop of units.

Normally the station experiences about 6 to 8 start and stop operation of
each unit per day. Due to frequent start and stop operation, wear and tear loss of
machine parts is reported and increases the machine outage periods.

Maximum reservoir capacity is to be maintained at both upper and lower reservoir,
for flexible operations in all time during monsoon periods without surplus i.e. spill.

But it is not possible to operate the plant without surplus during high inflow
periods. Surplus is recorded in lower reservoir due to the operation of Kadamparai
pumped storage plant since inflow to upper reservoir is utilized for generation and
hence no spill is recorded in upper reservoir.

50 Mcft per day discharge is the limit in Aliyar power house.

This discharge constraint of lower reservoir sometimes restricts generation
operation of Kadamparai during monsoon and higher inflow periods. Spill is
occurred whenever Kadamparai machines are operated on generator mode either to
meet grid demand or to use high monsoon inflow effectively for power generation.
Minimum water is to be maintained in both the reservoirs to meet grid demands
during summer periods.

April and May is considered as emergency period for the plant, at that time,
more thermal/nuclear station failures are recorded. Hence, full utilization of the
reservoir either for generator or pump in summer affects the emergency operation
of the plant.

Surplus power of the order of 110 MW, 220 MW, 330 MW and 440 MW at a
frequency above 49.7 Hz is required for pumping operation of one to four units.

So far the criteria of eight hours pumping operation in a day for 300 days in
a year as conceived in the detailed project report (DPR) has not been achieved due
to less surplus power input available from the grid.
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3.9. NEED FOR IMPROVEMENT OF PLANT PERFORMANCE

Kadamparai pumped storage plant is the only pumped storage plant of
TANGEDCO. The total installed capacity as on 01.04.2012 of Tamil Nadu state is
10364.54 MW. The generation profile of Tamil Nadu state is shown in the following
Figure 3.7. In addition to this installed capacity, 7791 MW renewable energy sources are
also available in Tamil Nadu grid in which wind energy is a major renewable energy
source of Tamil Nadu state accounting for 6970 MW. In Tamil Nadu maximum wind
energy is available during April to September [20]. Peak and energy shortage are the major
problems in India and almost it exists all regional grids except north-eastern grid. In Tamil
Nadu, peak and energy shortage is the major problem and hence load shedding is
implemented to meet supply-demand gap. The peak and energy shortage of India and

Tamil Nadu is shown in Table 3.1.

Others (215 MW)
1%

External assistance
(305 MW)
2%

Private (1180 MW)
7%

Gas (516 MW)
3%

Figure 3.7 Generation scenario of Tamil Nadu State [20]
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Table 3.1 Peak and energy shortages of Tamil Nadu state & India [5], [4], [29], [77]

India Tamil Nadu
Year Energy | Peak Energy Peak
shortage | shortage | shortage | shortage
(%) (%) (%) (%)
1990 - 91 7.87 15.53 -* -*
1991 - 92 7.80 18.79 -* -*
1992 — 93 8.33 20.49 -* -*
1993 — 94 7.35 18.31 -* -*
1994 — 95 7.09 16.45 -* -*
1995 — 96 9.15 18.28 -* -*
1996 — 97 11.51 17.97 -* -*
1997 — 98 8.60 11.20 -* -*
1998 — 99 5.90 13.9 11.80 12.80
1999 - 00 6.20 12.40 7.90 12.50
2000 - 01 7.80 12.30 7.60 15.30
2001 — 02 7.50 11.80 7.10 13.10
2002 — 03 8.80 12.20 6.00 4.40
2003 - 04 7.10 11.2 1.40 3.00
2004 — 05 7.30 11.70 0.60 0.50
2005 — 06 8.40 12.30 0.60 2.30
2006 — 07 9.60 13.80 1.80 2.40
2007 — 08 9.90 16.60 2.90 11.7
2008 — 09 11.10 11.86 7.85 6.09
2009 - 10 10.10 12.70 6.19 1.47
2010 -11 8.50 10.30 6.45 7.10
2011 -12 10.30 12.90 10.65 7.22

-* Data not available

To improve the energy generation, TANGEDCO has proposed and executed many

thermal schemes such as Mettur stage — I, North Chennai — 11, etc. At the same time, it is

required that all the existing power plants need to operate at the maximum possible extent.

For peak management, Tamil Nadu grid mainly depends on conventional hydro stations,

Kadamparai pumped storage and few Gas power stations. Even though all these peak

power plants are operated to the maximum possible extent, shortage of peak power exists.

The measures for improved output from Kadamparai pumped storage plant have also been

tried by the authorities similar to the above mentioned plants.

In this context, this research work is aimed at improving the performance of the

Kadamparai pumped storage plant by adopting certain reservoir regulation and by

introduction of variable speed machines during renovation and modernization since the

station has served for more than 26 years.
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3.10. PROBLEMS ASSESSED

A critical review of the historical record of the plant operation shows that has been
designed for the annual energy production of 797 MU (as per DPR), it has not been
achieved so far and a maximum of 73% of that has been only achieved. The reasons for the
same are attributed to the following causes:

e Less pumping operation than envisaged in the DPR.

e Waste of water through spillage.
The above two parameters have been analyzed in detail in the following chapters.
3.10.1. Less pumping operation

For Kadamparai pumped storage plant as per design, 8 hours pumping and 6 hours
generation was projected in the DPR. But due to the reasons mentioned in the section 3.6,
the plant did not get the sufficient input power for pumping from thermal/nuclear stations.
Hence poor performance or less performance was experienced from 1986 to 2000.
However, due to the more wind installations of the state from 2001 onwards, the pumping
status is found increased. For checking the pumping status of the plant, one month
pumping and generation pattern has been studied and is shown in the Annexure - 3. March
2009 has been considered being summer month, with less inflow to the reservoirs and also
due to high demand. The pattern clearly shows the pumping gap and if the gap is bridged,
then the generation would be increased consequently. But the pumping always depends on
the grid surplus, which is always deficit. At the same time, the authorities have observed
from the load curve pattern of the state that there is a surplus power availability in the grid
little below the threshold i.e. 70 to 100 MW for certain duration and some machines have
been back down their generation. If such a condition persists, for e.g. 90 MW, then one
pump of capacity of 110 MW as synchronous machine can be operated with 90 MW

capacity on part load.
3.10.2. Spill analysis

The objective is also to study the spilling occurring from Upper Aliyar (UA)
reservoir especially during high monsoon period and its possible utilization. In hydropower
production, mainly water is discharged through the turbines for power generation. The
water passed above the full reservoir level is considered as spill and the energy from the

spill water cannot be utilized. Minimizing the spill from the reservoirs would maximize the
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power generation. Regarding Kadamparai reservoirs, the following quantity of the spill has
been experienced from the year 1998 — 2010 which is given in the Table 3.2. The total
quantity of spill from 1998 to 2010 is 9528.84 Mcft. If this quantity of water is discharged
through the Kadamparai turbines, it can produce additional 238 MU of energy. Utilization
of this total quantity of discharge through the upper Aliyar power house (UAPH) turbine is
not possible since it has a limited capacity of 50 Mcft discharge per day. But there is a
possibility to utilize a portion of spill water efficiently, if the reservoirs are regulated
effectively. Such a reservoir regulation can also improve the plant performance of Aliyar
power house to a considerable level. The above mentioned operating regime has been
studied in detail in this thesis and analysis and conclusions have been presented in
Chapter - 4.

Table 3.2 Spill & inflow details for the period of 1998 — 2010

Natural ; uantit
Year inflow No of days spill occurred o?the spﬁl

(Mcft) Jun | Jul | Aug | Sep | Oct | Nov | Dec (Mcft)
1998-99 6094 - - - 1 5 4 2 658.72
1999-00 4887 - - - 2 - - - 134.00
2000-01 4697 - - 7 1 - - - 1129.00
2001-02 3826 No spill 0
2002-03 3039 No spill 0
2003-04 2495 No spill 0
2004-05 3114 7 9 2 - - - - 1119.73
2005-06 6916 - 4 6 10 5 8 - 2284.42
2006-07 4467 - - - - 1 - - 2.52
2007-08 6114 15 | 13 8 7 - - 2638.93
2008-09 3788 - - 2 - - - - 83.52
2009-10 4693 - 10 4 1 3 - - 1478.00

3.11. PROPOSED REMEDIAL MEASURES TO IMPROVE THE PLANT
PERFORMANCE

With the above operation and performance analysis and keeping the view of above
assessed problems, the following two methods have been proposed to improve Kadamparai
pumped storage plant’s performance.

e Reservoir regulation
e Use of variable speed drives instead of existing fixed speed drives during
renovation and modernization of the power station.

The above two remedial measures have been analyzed in the following chapters 4 and 5.
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Chapter 4
RVOIR REGULATION FOR KADAMPARAI
PUMPED STORAGE PLANT

41. INTRODUCTION

The analysis carried out in this chapter describes the determination of water
regulation for Kadamparai and Upper Aliyar power house to improve the overall
performance of the pumped storage scheme. The background of this analysis is based on
the justifications and objectives mentioned in Chapter - 3. Spill recorded from the lower
reservoir is the great concern and the possible reduction in spill will improve the
performance of the plant. The discharge capacity of the Upper Aliyar power house (1x60
MW) is of 2.15 Mcft per hour and is the major reason for the spill is more release from
upper reservoir during high inflow period. Higher storage maintained during poor
monsoon period in the lower reservoir creates a situation caused spill if followed by a high
monsoon year. Further, spill is noticed while operating the station during emergencies of
the state grid with a higher storage i.e. very near to the full reservoir level, at the lower
reservoir. Certain storage has to be maintained throughout the year in both the reservoirs
for reliable operation and such storage maintained is analyzed for improving the operating
performance of the station.

Considering all the operating constraints as narrated above, operating rule curves

have been derived. The major objectives for this analysis are

- To maximize the plant performance for the reasons mentioned in the previous
Chapter - 3.

- To minimize the spill of the lower reservoir to the extent possible especially during
monsoon periods by releasing the discharge in advance from the lower reservoir
and to keep acceptable storage for all seasonal operation.

- To derive reservoir rule curves since there is no such standard rule curves available
for the operation of the plant.

- To frame expert guidance to operate the plant efficiently as suggested by Central
Electricity Regulatory Commission (CERC), Government of India guidelines.



A water regulation model has been developed based on hydrological mass balance
for obtaining the above objectives and has been applied to Kadamparai pumped storage
plant to evaluate its performance. Based on historical operation pattern, expert opinion and
simulation results, monthly reservoir storage curve and operating policies have been

derived with minimized spill and maximized energy output.

The analysis mainly focuses on effective reservoir regulation on real time measure
as other factors associated with a mixed flow pumped storage operation in the deficient
southern regional power system, which is complex in nature and not yet analyzed so far.
Further, CERC, Government of India, in its regulations for efficient use of pumped storage
operation [31], insist to utilize the excess natural flow of the reservoirs, which spill during
the monsoon season and advised to run the plant as “must run” basis to avoid the spill and
make use of the spill as utilizable energy. Hence, a simulation model has been developed
to derive effective operating policies for a Kadamparai pumped storage scheme with the

constraints of maximizing the energy generation and minimizing the spill.
4.2. PRESENT ANALYSIS

The Kadamparai reservoir acts as upper dam of the PSP having four reversible
pump turbine units. The combined gross capacity of both the reservoirs i.e. Kadamparai &
Upper Aliyar is around 2 TMC (Thousand Mcft). But the utilizable storage limit is 1.5
TMC approximately. The remaining 0.5 TMC is the dead storage and could not be used
during pumping operations. Available natural inflow from the catchment of the both

reservoirs makes this PSP as a mixed PSP.

The designed generation capacity of KPSP is 797 MU annually as per DPR with
the condition of 6 hours generation and 8 hours pumping daily, which includes 77 MU that
could be generated from natural flow. Even though the KPSP is performing well among all
other commissioned PSPs in the country, it has not reached the target generation as per
DPR. The records of the power generation show that the maximum generation achieved by
the plant was 581.45 MU in the year 2005 - 06. It clearly indicates the possibilities of the
increasing the power generation nearer to DPR capacity by effectively reducing the spill
and to do more recycling of water. The present analysis aims to maximize the plant
performance, minimize the spill at UA dam and convert it as utilizable energy. Whenever
heavy inflow received by both the reservoirs during monsoon period, effective use of the

water for power generation is possible at upper dam through Kadamparai machines,
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whereas the release from Kadamparai machine plus natural inflow develops quick storage
increase in the lower reservoir and because of low discharge capacity i.e. 50 Mcft/day of

Aliyar machine spill was noticed mainly at upper Aliyar reservoir during monsoon times.

In the present analysis, a water regulation model has been developed by the method
of simulation to identify the power generation gap of the system. The power generation
gap is filled by maximizing the discharge of the power plants. This is done by different
combinations of additional discharge of both the power plants within the frame work of
system. Generally, the hydropower plants are operated with a well formulated rule curves.
But the operation of the pumped storage always depends on the grid conditions. The results
of this analysis will also bring out certain guidelines for storage and discharge of the
system to perform better with minimum spill. At the same time, this study will also suggest
expert ideas to operate the reservoirs based on the knowledge of natural inflow, grid
conditions and historical plant operating experience.

4.3. MODEL DESCRIPTION

In general, the operation of pure pumped storage plant always depends on the grid
conditions. Whereas in the case of mixed PSPs, the operation not only depends on the grid
condition, it depends on the natural flow conditions also. The KPSP is also operated for
longer duration on generation mode during monsoon time since it receives sufficient
amount of inflow from rainfall. The catchment of KPSP faces two seasons viz summer and
winter. The winter season receives rainfall from two monsoons namely south-west (June
to September) and north-east (October to December). The KPSP system receives
maximum inflow during the winter season and faces spill during this period. The inflow
received during the winter season has to be stored and used to operate the plant during
summer months also. The KPSP has been designed to operate daily, weekly and monthly
schedules. However, the water regulation of the reservoirs has to be accounted throughout
the year. Under these circumstances, the simulation of the performance of the reservoirs
for few days, weeks and months will not give any suggestions for practical operation. So it
has been decided to simulate the plant performance at least for few years. Based on the
availability, 5 years of historical data from 2006 to 2010 have been selected for analyzing
the plant performance. Keeping in view of the above, a water regulation model (Annexure

—4) has been developed to simulate the water regulation process of KPSP.
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All the components of mass balance of the upper reservoir and lower reservoir have
been modeled in the spread sheet. The mass balance of upper reservoir includes initial
reservoir storage, natural inflow from the catchment, pump inflow from the lower
reservoir, and discharge from the reservoir for power generation and spill. The mass
balance of lower reservoir includes initial reservoir storage, natural inflow from the
catchment, discharge for the power generation, spill from the upper reservoir, pump
outflow from the lower reservoir and spill. All these components are interlinked together
by the cell formulation in the worksheet. For example the entry of pump out flow from the
lower reservoir is automatically passed to the upper reservoir storage. Thus the pure
practical operation of KPSP has been modeled. One small hydro power plant (SHP)
‘Poonachi’ is also located in the KPSP hydro chain. The discharge of Poonachi SHP is
naturally carried into UA reservoir. The quantity of flow and duration of operation of the
plant are insignificant and the same are not considered in the development of the model.

The mathematical formulation of mass balance of the reservoirs is given as follows:
4.4. MODEL FORMULATION

Mass balance for reservoir 1 (Kadamparai Reservoir),

Sl =S1,+1IL1, + 1P, — Q1, — SP1, 1)
Mass balance reservoir 2 (Upper Aliyar Reservoir)

S2,41 =582, +1L2, + SP1, + Q1, — IP, — Q2, — SP2, (2)
Where,

S1, = storage of the upper reservoir at time t

S1,,, = storage of the upper reservoir at time t+1

S2, = storage of the lower reservoir at time t

S2.,, = storage of the lower reservoir at time t+1

IL1,=Local inflow from the catchment of upper reservoir at time t

1L2,=Local inflow from the catchment of lower reservoir at time t

Q1,=Discharge from the upper reservoir for power generation at t
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Q2.=Discharge from the lower reservoir for power generation at t
SP1,=Spill from upper reservoir at time t

SP2,=Spill from lower reservoir at time t

IP,=Pump inflow from lower reservoir at time t

Constraints

4.4.1. Storage constraints

Slpin < S1; < Slux for upper reservoir 3)
Where,

S1,,in= minimum storage of upper reservoir i.e., 150 Mcft

S1,4x= Maximum storage of upper reservoir i.e., 1080 Mcft

S2min £ 82 < S2ax for lower reservoir 4)

Where,

S2.min=minimum storage of lower reservoir i.e., 250 Mcft
S2.max= Maximum storage of lower reservoir i.e., 980 Mcft
4.4.2. Power house generator discharge constraints

Q1; < 384 mcft Maximum discharge from the upper reservoir for power generation

for t where t=24 hours
I.e. 4units X 4 Mcft X 24 hours = 384 Mcft 5)

Q2; < 51.6 mcft  Maximum discharge from the lower reservoir for power generation
for t where t = 24 hours
i.e. lunit X 2.15 Mcft X 24 hours = 51.6 Mcft (6)

4.4.3. Pumping discharge constraint

1P, < 288 mcft Maximum pump inflow from lower reservoir for t, where t=24 hours
i.e. 4 units X 3 Mcft X 24 hours = 288 Mcft (7)

IP;=Maximum pump inflow from lower reservoir for t, where t=24 hours

Simulation of the reservoirs has been done by following the mass balance equations

(1) & (2) with storage, discharge and pumping discharge constraints (3) to (7) with various
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combinations of storage and discharge of the reservoirs to achieve minimum spill from the
lower reservoir and thus to increase the power generation from the pumped storage

scheme. The mass balance of the system is represented by Figure 4.1.
4.5. SIMULATION OF THE RESERVOIRS

Normal practice adopted by TANGEDCO for operating the cascaded reservoirs is
to store maximum water during rainy period and to reach FRL anticipating the monsoon
failures and then utilize the inflow according to grid demand and to avoid spill of water to
the extent possible. The full storage is to be used up to May of every year taking into
account of other factors of grid management. The inflow from upstream reservoir is
released to the downstream reservoir or for irrigation according to PWD demand for the
dams under their control. Once upstream reservoir level is reached to FRL, water is
released either through generation or through spill discharge for irrigation. Since both
Kadamparai and upper Aliyar are TANGEDCO dams, PWD is insisting water release for
irrigation only during monsoon failure times. Normal operation of upper Aliyar proves its
adequacy for irrigation release. However, the lower Aliyar is having a storage capacity of
4000 Mcft. It is accommodating the release from upper Aliyar through generation and as
well as by opening surplus gate. It could be observed from the table 1 that the spill is more
during July to October at upper Aliyar dam and mainly due to monsoon inflow. Other
causes of spill are meagre when compared with monsoon inflow. TANGEDCO practice
emphasizes the combined storage of KPSP as 2000 Mcft at the end of monsoon period and
to effectively meet the summer demand for the flexible operation almost throughout the
year. The spill from UA reservoir is observed by operating the reservoirs from these
existing practices. The simulation of operation of the reservoirs has been done with
existing practice and the combined storage is limited to 1600 Mcft as initial condition for

July to December since spill occur during this period only.

In general, increase in existing discharge from reservoirs reduces the spill and
increases the generation if the condition permits. This change in discharge may reflect on
combined storage of the system. The present simulation study of the reservoirs derives a
new rule curve which reduces or nullifies the spill by maximizing the present discharge
pattern. At the same time, the effect of the change in combined storage on the system

performance has also been analyzed.
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Figure 4.1 Schematic diagram for mass balance of the system
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Table 4.1 Various combinations tried for simulation

Kadamparai Upper Aliyar Remarks
Reduced Combined storage &
8 Mcft ) spill occurred at UA
4 Mcft - Spill occurred at UA
4 Mcft 3 Mcft Found suitable

More generation gap

2 Mt 8 Mcit identified

For achieving the above mentioned objectives, different combinations of discharge
patterns for upper and lower reservoirs have been tried (refer table 4.1). Finally two
methods have been adopted in this simulation: one is 4/3 check and the other is
maximizing the UA reservoir discharge only. In the 4/3 check, two numerical variables (4
and 3) have been selected for varying the discharge from upper and lower reservoirs of
KPSP, i.e. adding 1 generating unit or one hour additional generation for every day’s
discharge in both the reservoirs. The operation of one generation unit of KPH will replace
4AMcft of water for one hour from the reservoir and UAPH generator will replace 2.15 Mcft
of the water for one hour, which is rounded to 3 Mcft for simulation flexibility. By
analyzing the past operational data, it has been observed that the maximum discharge per
day from KPH was around 250 Mcft. The maximum discharge could be 384 Mcft if it is
operated for 24 hours continuously. Since pumping is to be done regularly which will be
normally between 10:00 PM and 5:00 AM, for calculation purpose, the generator operation
hour is limited to 16 hours during high inflow period. It may be increased if FRL is
maintained at upper dam and further inflow is continuing where there is no margin/space is
available for pumping. In such occasion, 24 hours generation is possible to accommodate
inflow for power generation. So there is a possibility of increasing the operational duration
of the plant for one hour in all the days of a month and the same is considered in the
simulation analysis. The UAPH is operated to its maximum capacity in some days since it
has only one generating unit. It is not possible to increase the discharge by 3 Mcft in all the
days. So it is decided to increase the discharge of the plant by 3 Mcft whenever the
discharge is less than or equal to 47 Mcft. During the high inflow periods, the 4/3 check
method cannot be applied since it experiences the spill. In this kind of situations, the
second simulation has been adopted i.e., maximizing the UAPH discharge to reduce the

spill to the possible extent. The above mentioned simulation methods have been carried
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with existing pumping pattern of PSP. The pump is a synchronous machine, pumping is
possible only when the frequency band is in between 49.5 to 50.5 Hz which always
depends up on the grid. The simulation is adopted to check the possibility of increasing the
output from Kadamparai and Aliyar without increasing the pump discharge. But for
pumping, we need surplus power input between 110 MW and 440 MW which could not be
created for simulation purpose as a standard practice since all the southern states are facing
short in generation, and demand is ever increasing and pump operation is based on day to
day condition of the grid, hence changes are made in the study whenever spill is noticed in
4/3 check method.

4.6. ANALYSIS OF SIMULATION RESULTS

The two methods such as 4/3 check method and maximizing the discharge of
UAPH only have been applied in the simulation analysis of the reservoirs for the years
from 2006 to 2010 for the months of July to December.

4.6.1. Simulation results for the year 2006

TANGEDCO classifies the inflow into Kadamparai system in three categories viz.
the inflow above 5000 Mcft is high inflow year, 4000 to 5000 Mcft is normal inflow year
and below 4000 Mcft is low inflow year. The annual inflow to Kadamparai reservoir
during 2006 was 4733 Mcft which was a normal inflow as per the classification of
TANGEDCO. The power generation was 427.81 MU. The water pumped in this year was
11469 Mcft. This year was recorded as no spill year. Even though it was a no spill year, a
spill of 2.54 Mcft was observed from UA reservoir on 14" October which was occurred
due to the high discharge of 88.51 Mcft from upper reservoir to meet out the peak power
requirement of the grid. The spill of 2.54 Mcft for this year is negligible and it is also
operational spill. However, simulation has been carried out for the winter season of 2006
to explore the possibilities of increase in power generation with existing operational
pattern of the system. The combined storage of the reservoirs and the energy generated
(sample calculation is shown in Annexure — 5) before and after simulation are presented in

the following Figures 4.2 and 4.3.
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Figure 4.2 Combined storage pattern for the winter of 2006
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Figure 4.3 Energy generation for the winter of 2006

An additional energy of 32.12 MU could be generated by adopting 4/3 check
method in the simulation analysis. Considerable quantities of spill have been observed for
the months of July, August and October. For avoiding such spills and operational
flexibility of the system 155 Mcft of water has been pumped during the week ends of the
above months. The regulation of the reservoirs for the next season i.e., 2007 summer has

been checked after the simulation. It reveals that the combined storage reduces below 100
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Mcft from 5™ April onwards. Further, the storage reaches below zero from 27" April and it
recoups above the zero from 23 June onwards. It indicates that release pattern by 4/3 check

method could not be suggested as it affects the future operation of the plant.
4.6.2. Simulation results for the year 2007

The annual inflow during 2007 to Kadamparai reservoir was 5933 Mcft and it was
a high inflow as per the classification of TANGEDCO. The power generation was 456.58
MU. The water pumped in this year was 9004 Mcft. The system experienced high spill of
2639 Mcft, which was highest during the last 13 years. The operation of the KPSP was
suspended from 28" May to 30" June for maintenance works. The operation of UAPH was
also suspended from 6™ June to 25" June for annual over haul. However, the reservoir
storages of Kadamparai and UA reservoir were maintained at a minimum of 246.27 Mcft
and 440.82 Mcft for the future operation of the system. The monsoon was set in from 16"
June onwards and gradual inflow was received till 2" July. A notable inflow of 223.24
Mcft was observed at Kadamparai reservoir on 22" June. Due to this vigorous monsoon,
the reservoir spilled 290 Mcft from 1% to 4™ July. During the same period UA reservoir
also received considerable inflow at regular interval. An inflow of 169.92 Mcft was
observed on 13" June. For utilizing this high inflow, the Kadamparai power house was
brought into operation from 2™ July onwards. The storage of UA Reservoir reached FRL
due to the continuous operation of the Kadamparai power house and it caused spill. All
above mentioned circumstances lead to spill of 1021Mcft and 837 Mcft during the months
of July and August. The continuous monsoon and grid conditions forced the system to
experience the spill of 462 and 320 Mcft during the months of September and October.
The Kadamparai reservoir experienced no spill except 4 days of July due to the high unit
discharge capacities whereas UA reservoir experienced continuous spill during this period
since it is equipped with single power generating unit. To check adequacy of the reservoirs
for regulating the inflow, operation has been simulated by maximizing the UAPH
discharge method for the period of July to September. The results of the simulation are

presented in the following Figures 4.4 and 4.5.

59



2500
m Before simulation

2000 - m After simulation
=
[S)]
3
< 1500 -
(@]
S
L.
o
]
¢ 1000 -
i,
(3]
=
£
S 500 -
O

0 i
Jul Aug Sep Oct Nov Dec
Month
Figure 4.4 Combined storage pattern for the winter of 2007
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Figure 4.5 Energy generation for the winter of 2007

The mass balance of the model for this year has been done by taking the data of
2010 from 28"™ May to 30™ June for Kadamparai reservoir and from 6" June to 25™ June
for UA reservoir since the operation of the plants was suspended during these periods. The
imposing of the data of 2010 induces spill (approximately 800 Mcft) from UA reservoir.
However, the simulation by maximizing the UAPH discharge method reduces these spills
considerably. Further same simulation method has been adopted for the months of August,
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September and October also. No spill is observed for the months of September and
October. A considerable amount of spill is reduced during the month of August. The
simulation of reservoir operation for months of November and December has been done by
4/3 check method. The results of the simulation for December reveal that a negligible
amount of spill is observed and it could be avoidable by practical operation. An additional

energy of 70.14 MU has gained from the simulation analysis.

The simulation of the year 2007 divulges the following observations:

e Uncertainty in predicting the monsoon increases the difficulty of reservoir
regulation. However during monsoon period according to the inflow, maximum
discharge of UA Reservoir is to be utilized and effective pumping and generation
has to be used to balance the reservoir regulation.

e When both the reservoirs reach their maximum even after full discharge of UA,

spill occurs. It is natural and beyond control of the reservoir regulation.

e In high monsoon period, operation on allowing less combined storage is

recommended since spill would occur if the inflow is high and continuous.

e Once bhoth the reservoirs reach their FRL, the only possible discharge is through
UAPH which imposes the restriction of 51.6 Mcft/day. Hence, it is recommended
to operate UAPH at the maximum and keep the combined storage to the extent
possible for flexible generation and pumping operation of KPSP, for which again it
is recommended to keep the combined storage at lesser level.

4.6.3. Simulation results for the year 2008

The annual inflow during 2008 to Kadamparai reservoir was 4018 Mcft and it was
a normal inflow as per the classification of TANGEDCO. The power generation was
291.72 MU. The water pumped in this year was 7613 Mcft. The system experienced spill
only on two days which amounts to 84 Mcft. Even though the spill is negligible quantity,
the simulation has been carried out to check the possibility in improving the performance
of the plant. The combined storage for the month of July 2008 is about 727 Mcft. The
storage of Kadamparai reservoir is 242 Mcft. The simulations with 4/3 check method leads
to the reservoir level below MDDL. So it will not be a practical solution. Hence, the
simulation has not been carried for this month. The simulation results for the remaining 5

months August to December 2008 are given in the below Figures 4.6 and 4.7.

61



1800 - m Before simulation
m After simulation

Combined storage (Mcft)

Jul Aug Sep Oct Nov Dec
Month

Figure 4.6 Combined storage pattern for the winter of 2008

(o]
o

~
o
L

m Before simulation (MU)
m After simulation (MU)

a1 (o))
o o
L L

Energy generation (MU)
I
o

30 -
20 -
10 -
0 _
Jul Aug Sep Oct Nov Dec
Month

Figure 4.7 Energy generation for the winter of 2008

The 4/3 check method reduced the spill considerably. Only few operational spills
have been observed for the months of August, November and December which can be
eliminated by practical operation. As per simulation, an amount of 26.96 MU is gained as
an additional energy.
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4.6.4. Simulation results for the year 2009

The annual inflow during 2009 to Kadamparai reservoir was 4828 Mcft and it was
a normal inflow as per the classification of TANGEDCO. The power generation was 98.81
MU. The water pumped in this year was 15080 Mcft. The system experienced spill of
1478 Mcft. The spill in July, August, September and October were 894, 163, 32 and 389
Mcft respectively. The spill in the month of July was due to grid demand and monsoon
condition. The spills in other months were due to grid demand only. Under these
circumstances, the simulation has been done with only maximizing the UAPH discharge
for the months of July, August, September and October since system experienced more
spill. The simulation for the remaining two months November and December have been
carried by 4/3 check method. The simulation results for the year 2009 are given in the

below Figures 4.8 and 4.9.
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Figure 4.8 Combined storage pattern for the winter of 2009

In the month of July though the combined storage is maintained at 904.77 Mcft, the
storage level has been found gradually raised even after allowing maximum discharge of
UAPH and a spill has occurred from 19" July since the increased monsoon inflow from
13™ July to 20™ July made the water level in both the reservoirs to reach the FRL.
However, the reservoir storage has been brought back to 850 Mcft (combined storage) by
running the power plants. A possible reduction of spill can be achieved by reducing the
combined storage by releasing more water during the month of June through UAPH.
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Figure 4.9 Energy generation for the winter of 2009

The simulation with more release during June indicates that the combined storage
has been reduced to 815.92Mcft and the spill from 894 Mcft to 323.28 Mcft. The spill for
months of August and September has been nullified by operating UAPH to the maximum
extent and regulating the pumping and generation of the system. The spill has been
observed in the month of October after the simulation but it may be avoided by practical
operation of the power plants. But the months of November and December 4/3 simulation

method has been adopted and found no spill.
4.6.5. Simulation results for the year 2010

The annual inflow during 2010 to Kadamparai reservoir was 3740 Mcft and it was
a poor inflow as per the classification of TANGEDCO. The power generation was 572
MU. The water pumped in this year was 13447 Mcft. The system experienced no spill in
this year. However, the simulation has been done to check the possibility of gaining power
generation. The 4/3 simulation method has been adopted for all the months of winter
season. The simulation results for the year 2010 are given in the below Figures 4.10 and
4.11.

64



2000

Combined storage (Mcft)

1800 -
1600 -
1400 -
1200 -
1000 -
800 -
600 -
400 -
200 -

m Before simulation
m After simulation

Jul Aug Sep Oct Nov Dec
Month

Figure 4.10 Combined storage pattern for the winter of 2010
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The simulation results indicate that no spill has been found in the month of July.
During the month of August, UAPH has utilized its maximum capacity to meet the higher
grid demand (Load shedding imposed from the year 2008 in the state). In this context,
adding 3 Mcft with UA discharge is possible for only few days. So the simulation for this
month results spill for only three days. These spills may not occur in practical operation.

Figure 4.11 Energy generation for the winter of 2010
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Similarly, the remaining months of the winter season also indicate 2 to 3 days spill in every

month for the above reason.
47. INFLOW ANALYSIS

The analysis of Inflow from year 1998 to 2010 clearly indicates that KPSP
experienced normal inflow in most of the years as per TANGEDCO classification. The
inflow is more during the month of July in comparison to the other months. This following
Table 4.2 accounts the number of days in a month when the inflow is more than 50 Mcft
and also mentions whether the particular month experienced spill or not. Whenever heavy
monsoon set-in, the inflow was accommodated to the maximum storage capacity of both
the reservoirs and rest of the inflow was allowed as spill. The maximum one day inflow
during this period was approximately 200 Mcft.

Table 4.2 Spill of the days above 50 Mcft inflow

Year Month No. of Days above 50 Spill
Mcft inflow

2006 June 5 NS
July 7 NS

August 4 NS

2007 June 5 NS
July 12 S

August 7 S

September 6 S

October 4 S

December 2 NS

2008 July 7 NS
August 4 S

September 4 NS

October 1 NS

November 1 NS

2009 June 1 NS
July 15 S

September 4 S

October 4 S

November 2 NS

2010 June 2 NS
July 7 NS

NS - No Spill ; S — Spill

Further, the total weekly inflow i.e. inflow to the Kadamparai reservoir and inflow
to the Upper Aliyar reservoir has been analysed with the discharge of Upper Aliyar. In
other words, the total inflow to the pumped storage system and the outflow from the
pumped storage system for the period of five years 2006 — 2010 has been analysed. The
mean, standard deviation and the ratio of weekly inflow and outflow (refer Table 4.3 and

4.4) for the above period have been considered for this analysis. The following Figures
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412, 4.13, 4.14, 4.15 and 4.16 are shown the nature of inflow and outflow of the pumped

storage scheme.
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Table 4.3 Weekly mean and ratio of inflow and outflow

Mean weekly Ratio of _
Sl Mean weekly ] Generation

Year | 3 outflow inflow to

No. inflow (Mm?©) 3 (MU)
(Mm°) outflow

1 2006 209.469 210.496 1.004 581.45

2 2007 326.470 206.510 0.632 427.82

3 2008 201.387 147.861 0.734 456.58

4 2009 280.952 184.316 0.656 291.72

5 2010 215.018 177.813 0.827 498.81
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Table 4.4 Standard deviation of inflow and outflow

Standard deviation of Standard deviation of
SI.No. | Year ] 5 3
weekly inflow (Mm?) weekly outflow (Mm?)

1 2006 120.503 108.343

2 2007 228.435 100.449

3 2008 195.469 91.857

4 2009 262.535 97.396

S 2010 122.590 90.605

The analysis reveals the following factors.

e By analysing the inflow and outflow from the years 2006 to 2010, the weekly
release during the month of July is higher than the weekly inflow of the
corresponding months. The release during the other months is higher or lower than
the inflow. This clearly indicates that the inflow is not the only deciding factor for
the release from the reservoirs.

e The mean weekly release during the year 2006 is almost equal to the mean weekly
inflow. The other constraints such as power demand and grid frequency forced to
release less water even though the inflow during the years from 2007 to 2010 is
high.

e The highest power production is achieved during the year 2006 and it is directly
proportional to the ratio of inflow to release of water from the reservoir.

e The fluctuation in the standard deviation of inflow clearly indicates the inflow does
not follow a pattern and hence the operation of pumped storage schemes depends

on other factors.

These analysis and the above conditions would facilitate for framing the reservoir

operating rules.
48. SUMMARY OF THE SIMULATION

The quantity of the spill before and after simulation is shown in the following
Table 4.5.
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Table 4.5 Quantity of the spill before and after simulation

Spill (Mcft)
Year After simulation
Actual
Kadamparai dam | Upper Aliyar dam

2006 3 0 0

2007 2639 663.93 72.53

2008 84 0 368.75

2009 1478 505.9 127.76

2010 0 0 116.49

Total 4204 1169.83 685.53
Total spill before simulation 4204.00
Total spill after simulation 1855.36
Total spill reduced 2348.64

The different scenarios of combined storage are given in the Figure 4.17. The

average combined storage is the average of 10 years combined storage of Kadamparai and

UA reservoirs. The simulated combined storage is the average of five years simulated

results from 2006. The plot for the year 2007 - 08 reveals the maximum level maintained at

the reservoirs during the months of July, August and September.
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From the study of the graphs plotted above, it is understood that the average
combined storage curve is better than simulated combined storage curve. But the curve
derived from the simulation has minimized or nullified spill. At the same time, a point
should be kept in mind that the simulation for the year 2006 would affect the next year
operation. Similarly, the simulation of the year 2010 may also affect the next year
operation. Since the reservoir utilised maximum possible limits and also it was poor inflow
year. As per the storage is concerned, the year 2010-11 can be considered as ideal storage
year for running the plant in a most efficient way. The state experienced severe power
shortage in this period. So the KPSP utilised to the maximum extent to meet out the critical
needs of the grid. Even this year was a poor inflow year but the reservoirs were utilised to
the maximum extent for the above reason. So for future operation, following this 2010-11
storage pattern with effective pumping and generation can give better performance of the
system. The maximum, minimum and average storage limits from simulation and past 10

years actual operation are listed in the following Tables 4.6, 4.7 and 4.8.

Table 4.6 Combined storage level from simulation

July | August | September | October | November | December
Average | 1676 1650 1865 1578 1514 1480
Max 1855 1918 1966 1916 1948 1949
Min 1471 1322 1550 1336 1356 1155

Table 4.7 Combined storage level from 10 years historical pattern

July | August | September | October | November | December
Average | 1484 1635 1655 1636 1666 1695
Max 1871 1954 1912 1923 1921 1906
Min 424 1284 1292 1025 1381 1284

Table 4.8 Combined storage level from 10 years historical pattern

January | February March April May June
Average 1616 1364 1155 950 866 1006
Max 1914 1663 1468 1234 1453 1515
Min 1182 845 821 675 409 556

49. CONCLUDING REMARKS

A simulation model to check and reduce spill noticed in Kadamparai pumped
storage plant has been developed and implemented in this research work. The results
obtained from the application of the model indicate possibility of improvement over the
existing operating policies. Operating rules have been framed based on existing operating
condition and compared with the simulation results. Model developed has been tested by

changing reservoir outflows during monsoon season. Results indicate additional power

71



production, less spill and stressed the need for a lesser storage in the lower reservoir than

to maintain it very close to the full reservoir level.

Being of almost equal capacity of upper and lower reservoir, gradual increase of
storage in the lower reservoir is causing concern in its optimal operation during monsoon
season and also during “must run” conditions. “Must run” condition is to be satisfied while

maintaining a lesser storage in the lower reservoir besides power station scheduled

operations [Refer Table 4.9].

Table 4.9 Possible hours of generation in critical condition*

KP Dam | UA Dam Combined UAPH Storage /
SI. No . : Hours
storage storage storage discharge | discharge
1 950 250 1200 Nil 700/16 44
2 850 350 1200 Nil 500/16 31
3 750 450 1200 Nil 300/16 19
4 650 550 1200 Nil 100/16 6

*Assumptions:

¢ No inflow on both the reservoirs and Kadamparai power house is operated to its full capacity
e Combined storage kept at 1200 Mcft for example.

Maintaining the combined storage is an important parameter for pumped storage
operation. The above simulation results have shown the increased system performance
with minimum spill. However maintaining storage for the operation of the individual
reservoir is also an important factor in improving the overall performance of the system
effectively and with minimum spill, which depends on the storage capacity of the
reservoir, inflow pattern and discharge capacity through machines. Since the upper
reservoir has got more machine capacity, inflow recorded so far has been found utilized
without any spill. Guidelines have been derived from the simulation results, by considering
the historical performance of the plant operation during various monsoons and considering
the grid requirement. Main recommendation is made for lesser storage in the lower

reservoir during monsoon periods to accommodate more water from the upper reservoir.

Based on the historical rainfall data, considering the use of the station as a pumped
storage with the present regional grid conditions, plant availability for summer/critical
period, for utilizing surplus wind power during monsoon periods and the difficulty in
predicting the monsoon inflow condition followed with a reasonable storage is of complex
in nature. Hence it is recommended to maintain lesser storage at Upper Aliyar till the end

of November so as to obtain improved output with minimum spill during monsoon.
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The following guidelines are derived from simulation results and historical

performance of the system.

e Maintain UA dam level below 30% of its gross storage up to November 15"

e From July to November the combined storage should not exceed 1800 Mcft
(since maximum one day natural inflow recorded is approximately 200 Mcft
during past 5 years).

e The capacity of UA dam should not be increased above 800 Mcft in winter
season.

e Operate UAPH to the maximum extent possible during winter period especially
if the inflow is continuous, so that storage is limited below 800 Mcft.

e It is recommended if the monsoon is heavy and continuous, keep the lower
reservoir storage at an optimum capacity between 700 Mcft to 800 Mcft with a
combined storage of 1600 Mcft.

The recent guidelines of CERC insists higher frequency range, which is very near
to 50 Hz and imposing more reforms in the grid operation in India, the constraints on
power input for motor operation with required frequency for pumping operation would be
eliminated for a flexible operation of Kadamparai pumped storage with better output and

less spill. This would be possible only when lesser storage is maintained.

Further continuous research is necessary considering the impacts of climate change
in future. Maintaining optimal storage level at lower reservoir is recommended for the
present condition and it may still be reduced based on future increased operation of the
station. It is the only way to reduce spill in an effective manner and to the extent possible

based on the storage condition maintained.
Further, the following factors has been observed from this analysis,

The model only concentrates on generation and has not considered the pumping
since pumping always depends on the grid frequency. In simulation, few places i.e. 30
August, 13 October 2008, etc spill has occurred. For operational/simulation flexibility,
those spills have been pumped up. The above incidents strongly indicated that pumping is

essential for achieve higher operational benefits.

However, the limited frequency band availability in the southern grid as well as

severe load shedding of TANGEDCO limits the pumping operation as mentioned in
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Chapter - 3. Increased pumping operation can surely improve the plant performance
considerably. Variable speed drives may be a suitable option in this regard. In the
Kadamparai plant power house, space for future implantation (for variable frequency

converters) also available.

The following chapter analyzes the feasibility of variable speed drives in

Kadamparai pumped storage plant.
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Chapter 5
SPEED OPERATION OF REVERSIBLE PUMP-
T KADAMPARAI PUMPED STORAGE PLANT

5.1. INTRODUCTION

While carrying out renovation and modernization, introducing new technologies for
improving the power station performance is a universal practice. In this context a study has
been conducted for Kadamparai pumped storage plant, with the objective of adopting
variable speed technology while undertaking renovation & modernization in not-so distant
future. Present peak power demand and the expected capacity addition through thermal,
nuclear, solar, wind energy power plants to the state grid needs a review on the existing
operation of Kadamparai pumped storage plant to meet out the peak and energy shortage of
the state. The existing conventional synchronous machines of this plant can be operated as
variable speed machines by adopting static frequency converters (SFC) between stator and
grid supply or replacement of existing synchronous machines with variable speed
induction generators to utilize the grid load variation effectively. Annual operation of
Kadamparai pumped storage scheme with variable speed machines has been analyzed in
the existing hydraulic conditions. Additional benefits that is likely to accrue as compared
to conventional synchronous speed operation has been calculated. Results show that the

variable speed technology has considerably increased the plant performance.

Variable speed operation is the latest technology in pumped storage operation and
many PSS, which have recently been commissioned, are operating with this technology
worldwide [33], [38], [63]. Most of the experiences of variable speed pumped storage
operation are traced to Japan, where there has been a need for developing such schemes to
improve stability and frequency control of the power system. Yagisawa power station in
Japan is the first converter-fed adjustable speed pumped storage plant of the world, which
was commissioned in the year 1990 [33]. In Europe, the variable speed pumped storage
was under research for many years and the Goldisthal pumped storage plant of Germany
with two 300 MW variable speed units have been put into operation in 2004 [96].

Even though the pumped storage schemes are being used since many decades by
the power systems, variable speed pump-turbines are found very less in their ratio as

compared to the fixed speed installations as this technology is only slightly more than two



decades old. However, almost all the recent pumped storage plants are adopting variable
speed technology due to their inherent advantage of higher efficiency. The following Table
5.1 shows some of the major variable speed pumped storage plants of the world and their
specific characteristics. The Table 5.2 shows the installed and planned pumped storage

developments in Europe and United States.

Table 5.1 Major variable speed pumped storage plants around the world

Plant name Country | Capacity (MW) Remarks
Yagisawa First converter-fed plant of
(1990) Japan 1x85 the world [33].

Goldisthal Largest cyclo-converter of the
(2004) Germany 2x300 | \yorld [96].

Ohkawachi Largest variable speed unit of
(1993) Japan 2 x 400 the world [63].

Tehri : Large head variation site in
(Under construction) India 4% 250 the world [19].

Table 5.2 Installed and planned pumped storage developments in

Europe and U.S. [80]

Total Conventional PS | Ternar Variable speed
2000 - 2010 MW) (M) (MW)V (Mw)p

Europe 2,443 836 547 1,060
North America 0 0 0 0

Total Conventional PS | Ternar Variable speed
2011 - 2020 MW) (MW) (Mw)y (Mw)p
Europe 11,562 6,849 303 4,410
North America 40 40 0 0

Conversion of existing fixed speed pumped storage by variable speed machine
during renovation and modernization is a new area of study. This aspect has been studied
for the Kadamparai pumped storage scheme since the plant is under operation for more
than 26 years. Further, the expected capacity addition through thermal (Mettur, North
Chennai, etc.), nuclear (Kudankulam) and the existing wind energy (approximately 7000
MW) and proposed solar of 3000 MW of Tamil Nadu State grid needs a review of the
existing operation of Kadamparai pumped storage with the aim to improve its

performance.

This chapter analyzes the technical benefits achieved by using the variable speed
technology for the existing Kadamparai pumped storage plant. An analysis has been
carried out by using five year (2006 — 2010) plant operational data. The benefits of variable

speed operation over conventional synchronous speed operation have been determined.

76



Since peak shortage always exist in India and also in Tamil Nadu state grid, this study

would be helpful in availing additional benefits through variable speed operation.
5.2. VARIABLE SPEED HYDRO/PUMPED STORAGE OPERATION

Hydro power plants are designed to operate at the maximum efficiency
corresponding to rated synchronous speed. The hydro turbines are designed to run at rated
speed under design head and wicket gate opening to attain maximum efficiency [55].

The performance of hydro turbine depends on the rotational speed and is designed
to operate at its best achievable efficiency for a particular speed i.e. synchronous speed. As
this rotational speed is a function of head, the performance of the turbine is affected by the
head variation as it cannot rotate at synchronous speed over the entire range of head
variation. Hence it is necessary to adjust the rotational speed of the turbine to its maximum
possible efficiency for a particular head. On the contrary, if the turbine is allowed to run at
a speed corresponding to the head available, it shall run at an efficiency, which shall be
higher than best attainable efficiency corresponding to the synchronous speed. However in
that event, the generator shall be operating with variable frequency, which needs to be
modulated to the system frequency for enabling parallel operation [35], [78].

Initially variable speed technology was used for wind generators to maximize its
operating efficiency to the stochastic nature of wind energy. The ratings of these machines
are limited to kilo-watt (kw) range [15], [64], [71]. The development of modern power
electronic devices has enhanced the operational range to megawatt range, which makes
these systems suitable for the hydro power applications including pumped storage schemes
[41], [76], [95].

The variable speed operation in a hydro power plant can be achieved by any one of

the following two systems [48].

e For synchronous machines — introducing a static frequency converter (SFC)

between stator and grid interconnection.

e For doubly fed wound rotor asynchronous machines (DFAM) — introducing
either a cyclo-converter or a Gate Turn-off Thyrister (GTO) converter in between

grid supply and rotor.
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The first system has not been found to be eminently suitable for synchronous units
above 250 MVA. Above 250 MVA, static frequency converters are generally not being
recommended because the rating of the power electronic devices used must be equal to the
unit rating, since the machines are powered by SFC which is directly connected to the
stator [48]. The second system of doubly fed wound rotor asynchronous machine is the
latest technology in this field and the variable speed can be achieved for the range up to
500 MVA with DFAM [48]. In this technology, only slip power is fed to the rotor through
power electronic converters; thus the required rating of converters is considerably less i.e.
about 20% to 30% of unit rating [49]. The latter solution have been found to be more
economical offering better dynamic response over a wide speed range [48]. The schematic

diagram of the above two systems are shown in the Figures 5.1, 5.2 and 5.3 [95].
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Figure 5.1 Synchronous machine with current source converter
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Figure 5.2 Doubly fed asynchronous machine fed with cyclo-converter
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Figure 5.3 Doubly fed asynchronous machine fed with voltage source inverter

The major advantages of the variable speed technology over conventional

synchronous speed machines are summarized [74], [85].

e Increase in efficiency and wide operations in generation and pumping mode even
under part load.

e Possibility of active power control in pumping mode.

e Network stability improvement by reactive power control.

e Network stability improvement by instantaneous active power injection in the grid
(flywheel effect).

e Adaptable to a wide head variation.

In this context, replacing conventional pump-turbines with variable speed pump-
turbines could increase the plant efficiency as well as the system efficiency, besides
availing other technical benefits such as balancing the grid due to inclusion of more
renewable energy sources, frequency regulation during surplus periods, VAR regulations,

etc.

53. PERFORMANCE UPGRADATION BY USE OF VARIABLE SPEED
TECHNOLOGY

In this section, the benefits of variable speed units over conventional speed units of

Kadamparai pumped storage plant are presented.

Power input to machine and peripheral velocity factor are functions of head. As the
head varies, both power input and peripheral velocity vary consequently. The efficiency of

the turbine is also affected (solid lines of the demonstrated hill curves in Figure 5.4). If
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speed can be adjusted, the operating point can be brought nearer to the maximum possible
efficiency for any available head. Hill curves have been used in this study used to extract
the efficiencies of the turbines for various head, discharge, and input power level
variations. A typical Francis turbine hill curve has been regenerated for this study [55] and

is shown in the Figure 5.4.

0.88— 9,

0.66—

Input Power (p.u.)

0.44 |

0221

0 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
¢ Periperal Velocity Factor (p.u.)

Figure 5.4 Hill curve for a model Francis turbine

The solid lines of the hill curve represent various efficiencies. The dotted lines
demonstrate locus of fixed gate openings. ‘c¢’ is cavitation susceptibility and Ns is the
specific speed of the model turbine. The vertical axis of the hill curve implies various input
power levels and the horizontal axis shows peripheral velocity factor of the unit dimension

model turbine and are generally defined as mentioned in the following equations (1) & (2).

54. PROBLEM FORMULATION

5.4.1. For generation

I:)in

p-g-QDesign-H (1)

Dy

n.D / HY (2)
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Where,
Pin = Power input to the turbine in kw
p —> Density of water
g -2 Acceleration due to gravity
Q - Discharge in m*/sec.
@, - Peripheral velocity factor
n -> Rotational speed in rpm
D - Diameter of the turbine runner in meter
H - Net head in meter

5.4.1.1. Known parameters

Net head = 341m
Rated Output Power = 100 MW
Rated discharge, Q = 34 m*/sec.
5.4.1.2. Calculation of base units
No of poles = 12
Rated speed, N = 120f/ P
= 500 rpm

Where,
f > Rated frequency in Hz

P > Number of machine poles

5.4.1.3. Calculation of peripheral velocity factor

Peripheral velocity factor is depends on the three parameters speed, diameter of

turbine vanes and head. Hence if speed is keeping constant then peripheral velocity factor

varies as head varies.

Peripheral Velocity Factor, @, = n.D / HY?

5.4.1.4. Calculation of base peripheral velocity factor

Base Peripheral Velocity Factor, @y, gase = N X 3.5 X Hyet
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5.4.15.

5.4.1.6.

5.4.1.7.

5.4.18.

5.4.2.

So,

Where,

Calculation of peripheral velocity factor p.u.
Peripheral Velocity factor (p.u.) = D,/ Dpase
Calculation of power input
Power Input = g X Qpesign X H KW
Rated Power Input = 100 MW / (0.98 x 0.92)
= 110.91 MW
Calculation of power input p.u.
Power Input (p.u.) = Power Input / Rated Power Input

= Power Input/110.91

Calculation of efficiency

Power input (p.u.) and peripheral velocity factor (p.u.) corresponding to various
head variations have been computed from equations (1) & (2).

Corresponding to per unit (p.u.) input power and per unit (p.u.) peripheral velocity
factor for various heads, efficiencies have been derived from the hill curve for fixed
speed.

By adjusting the speed (£10% of synchronous speed [48], [55]) corresponding to
maximum efficiency point of the turbine corresponding to the same power (power
for which fixed speed efficiencies derived), various efficiencies have been
calculated for variable speed operation.

Efficiencies of variable speed and fixed speed operation have been compared.

Pumping
Base input power = 110 MW
Power input Electrical, Pj, = gxQxH/n

Discharge, Q = Pinxmpxnm/ (g X H)

Pin = Electrical power input for pumping, in MW

iy = Motor efficiency

ne = Efficiency as pump (assumed as same as turbine for reasons stated

in para 5.4.2.2)
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g = Acceleration due to gravity
H = Pumping head, in meters (including static and dynamic heads)
Additional discharge pumped (Qagdgitionat) = Discharge pumped with variable speed —

Discharge pumped with constant speed

5.4.2.1. Suggested speed corresponding to maximum efficiency point for particular

head
Peripheral velocity factor, @ = Dp.u. X Dpase
® = n. D/ HY?
n = (@xHY) /D

New velocity factor p.u. has been obtained corresponding to new efficiency points
from the hill curve. Using above equations new speed of rotation has been calculated and
these new speeds will be the speed corresponding to the maximum efficiency points.

5.4.2.2. Calculation of pump efficiency

e Peripheral velocity factors corresponding to various head variations have been
calculated.

e Corresponding to various peripheral velocity factor and assumed power input,
various efficiencies have been calculated for fixed speed operation.

e By adjusting the speed corresponding to maximum efficiency point of the pump
mode for same electrical power input (power for which fixed speed efficiencies
derived) various efficiencies have been calculated for variable speed operation.

e Discharge (Q) has been calculated for both the operations i.e. Fixed/Variable,
corresponding to their efficiencies.

e Additional discharge that can be pumped with variable speed of operation has been

calculated.

The efficiencies for both pumping cycle and generation cycle have been extracted
from the same hill curve. As per BUTU method, BUTU in Spanish means Pump As
Turbine (PAT), the relationship between turbine and pump efficiency is nr=np + 0.03 [69]
and Kittredge [56]. It assumes that all pumps with the same specific speed would produce
similar head-flow characteristics in the turbine mode. Since the BUTU method has a
negligible efficiency step-up by 0.03, Kittredge has assumed that efficiency while

operating as a pump may be taken as equal to that while operating as a turbine. Therefore
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in this analysis pumping efficiency has been considered as equal to the efficiency of

generation cycle.

Hill curve methodology as followed by Ciocan et al. [34] to compare the

efficiencies of fixed and variable speed operation has been followed in this analysis.
5.5.  RESULTS AND DISCUSSION

5.5.1. For generation

The minimum, rated and maximum head for Kadamparai plant are 323 m, 341 m
and 395 m respectively in generation mode. The rated discharge for the machine in
generation mode is 34 m*/sec. For these design data, the efficiencies have been derived at
every 10 m intervals i.e. from 323 to 395 m from the hill curve (Annexure - 10) as
mentioned in the methodology for variable and fixed speed operation. The comparison
between these efficiencies is shown in the Figure 5.5. The efficiency and discharge
calculation shown in Annexure - 6. From the graph it can be inferred that the efficiency
with variable speed operation is higher than the fixed speed operation at lower heads. It is

also found that very small increase in efficiency is evidenced at higher heads.
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3
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Figure 5.5 Head versus efficiency
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5.5.2. For pumping
5.5.2.1. Study of part load behavior

The minimum, rated and maximum head for Kadamparai plant are 341 m, 381 m
and 413 m respectively in pumping mode. For these design data, the efficiencies have been
derived at every 10 m intervals i.e. from 341 to 413 m from the hill curve as mentioned in
the methodology for variable and fixed speed operation (Efficiency and discharge

calculation shown in Annexure - 7).

The pumping operation of pumped storage plant always depends on the grid
surplus. In the southern regional grid to which KPSP is connected has shortage of surplus
power even during off-peak periods. The available little surplus power could be used

effectively by adopting variable speed machines.

Various studies [34], [84] reveal that up to 70% of rated power, pumping can be
done efficiently by variable speed machines. The part load characteristics of the
Kadamparai pumped storage scheme have been analyzed in this study. The rated pump
input of the Kadamparai pumped storage scheme is 110 MW per unit. For analyzing the
part load benefits in pumping mode, various power levels i.e. 80 MW, 90 MW, 100 MW
and 110 MW have been assumed. The Figures 5.6 - 5.13 shows the efficiencies and
discharges for various head for assumed power levels for the sample year 2006 (head
variation 365 m to 401 m). The calculation shown in Annexure - 8 and the hill curves used

for this analysis are shown in Annexure - 11.
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5.5.2.2. The efficiency-head and the speed

The relationship between the efficiency-head and the optimized speed is the major
parameter especially for the renovation. The dependence of the efficiency on the pump

speed for various input power level is shown in the following Figures 5.14 — 5.17.
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Figure 5.14 Plot for efficiency-head and the optimized speed for 110 MW
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Figure 5.15 Plot for efficiency-head and the optimized speed for 100 MW
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Figure 5.16 Plot for efficiency-head and the optimized speed for 90 MW
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Figure 5.17 Plot for efficiency-head and the optimized speed for 80 MW
5.5.3. Benefits of variable speed pumping in KPSP

For quantifying the benefit of variable speed pumping operation of Kadamparai,
five years i.e. 2006, 2007, 2008, 2009 and 2010 real time operational data has been
considered for this analysis. A spread sheet model has been developed for this analysis

(Annexure - 9). The following parameters have been modeled.
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Daily operating head i.e. static head (The practice is to note down the head level
every day morning at 8 A.M. The same data has been used for this analysis and

assumed remain constant for whole day pumping operation).
Daily operating hours of the pump.

The head loss includes frictional loss, local head loss due to expansion or
contraction of the conduits (Estimated by the Darcy-Weisbach formula as
mentioned in (Indian Standards) IS 11625 — 1986 & IS: 2951 (Part 2) — 1965).

Dynamic head derived from static head i.e. static head — head loss.

The pump discharges for various heads for both fixed and variable speed

operation.

For this analysis, the discharge for the rated pump input i.e. 110 MW with variable

and fixed speed efficiencies have been calculated by using the following relationship at

each 10 m interval of head variation.

Where,

nm

ne

g

H

Discharge, Q = Pinx nqux np / (g X H)

= Electrical power input for pumping, in MW
= Motor efficiency

= Efficiency as pump (assumed as same as turbine for reasons stated
in para 5.4.2.2 previously)

= Acceleration due to gravity

= Pumping head, in meters (including static and dynamic heads)

The discharges calculated from the above formula have been interpolated for all

other heads. The daily pumping volume for variable speed and fixed speed operation have

been computed by multiplying the pumped discharge with the number of pumping hours.

The following Figures 5.18 — 5.22 show the difference in pumped volume of water

between fixed and variable speed pump operation for the years i.e., 2006 — 2010.
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Figure 5.18 Water pumped — Fixed speed versus variable speed operation (2006)
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Figure 5.22 Water pumped — fixed speed versus variable speed operation (2010)

For the whole of five years under investigation, the analysis reveals the following

results which are shown in the following Table 5.3. Additional water has been pumped

from the lower reservoir by adopting variable speed operation, possible additional energy

generation from the amount of additional water and percentage of additional energy are

presented.

Table 5.3 Results of variable speed pumping analysis for the years 2006 - 2010

Year 2006 2007 2008 2009 2010
Additional water pumped (MCM) 34.39 21.08 18.93 35.06 30.67
Additional energy generated (MU) 30.36 18.62 16.71 30.95 27.08
Additional energy (%) 5.22 4.35 3.66 10.61 5.43

5.6. ISSUES AND BENEFITS AFTER RENOVATION

e Pumped storage plants are to meet the peak-power requirements of the power

system. Thus, the availability of additional peak power for a longer duration on

daily basis will certainly improve distribution power quality and reduce peak

shaving which is a definite advantage.

e In a power system, one of the operational benefits of pumped storage scheme

shall be reduction of carbon emission. By using variable speed machines,
additional energy due to higher efficiency to the tune of 30.36 MU shall be
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available. This additional energy is equivalent to reduction of carbon by an
amount of 23,073.6 tCo, (Calculated based on Central Electricity Authority -
CO; Baseline Database for the Indian Power Sector, January 2013).

e The variable speed pumped storage plant in a power system can be utilized to
balance power fluctuations from RES both in pumping and generating mode
[96]. Since, Tamil Nadu has large wind energy installations (> 7000 MW), the
renovation of Kadamparai with variable speed drives will be more beneficial to
the state grid.

e The power electronic converters which are necessary for variable speed
operation create high harmonics. This can be eliminated by using suitable
active harmonic filters. The Tamil Nadu state grid already has vast experience
of power quality management since the large wind energy installations of the
state are equipped with induction generators. The harmonics from the induction
generators have been filtered by suitable harmonic filters connected at the
interconnection to the system. Similarly, the harmonics need to be managed in
the case of Kadamparai also.

e Further, the results of the variable speed operation have been compared with the

results of the water regulation model and are shown in the following Table 5.4.

Table 5.4 Comparison of results

(Water regulation model and variable speed analysis)

Results from water Results from variable
regulation model speed analysis
Year Spill occurred after | Additional water can be
simulation pumped by VSD

(Mcft) (Mcft)

2006 0 1214.32

2007 736.46 744.60

2008 368.75 668.51

2009 633.66 1238.18

2010 116.49 1083.13

From the above table, it can be concluded that spill can be efficiently reduced by

using variable speed operation.
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5.7.  CONCLUSION

The analysis reveals that it is possible to operate the plant beneficially by adopting
variable speed machines. The 400 MW synchronous machines at Kadamparai are in
working condition, which can be converted to variable speed machines by introducing
static frequency converters or by total replacement with DFIG. This paper mainly analyzes
the possibilities of conversion of existing station by variable speed machines by studying
the impact on cycle conversion efficiency and the benefits derived. It is recommended to
choose variable speed technology machine while planning for renovation and
modernization for Kadamparai pumped storage power plant in future from the following

reasons.

1) Possibility of increased efficiency in turbine mode and part load operation in pump

mode using variable speed technology.

2) With the grid frequency approaching 50 Hz and for frequency regulated operation,
variable speed machine with better control system would be beneficial for
operation of pumped storage station. Further when the surplus power available in
the grid even about 70% to 90% of the machine capacity, the station could use such
power to store water for subsequent use in generation.

3) Adopting equal capacity SFC to the unit rating for each of the existing synchronous
machines or separate SFC with 20% to 30% of the unit rating for each of the units
with individual DFIG units has to be decided on techno-economic criteria. It is
needless to state that individual DFIG machines have got more operational benefits

and occupies less space.

In conclusion, it may be inferred that while undertaking the renovation and
modernization of Kadamparai pumped storage power plant, it would be desirable to arrive
at the decision of whether to use existing generators with renovation and corresponding
capacity SFC or DFIG involving new generating equipment on the basis of economic

benefits.

The following chapter analyzes the economics of Kadamparai pumped storage

plant.
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Chapter 6
IC ANALYSIS OF KADAMPARAI PUMPED
STORAGE PLANT

6.1. INTRODUCTION

This chapter analyzes the economics of Kadamparai pumped storage plant. Various
costs involved in pumped storage operation in Indian context are already analyzed in
Chapter - 2. The Kadamparai plant is operated as per the requirement of the state power
system and cost of expenditure is met by the controlling authority i.e. TANGEDCO. Cost
of energy is the average revenue sale from power production of the state and no separate
cost pattern is adopted for pumping energy consumption since it is deducted from
electricity board account as other expenditure (Annexure — 12). In this context the analysis
of economic aspect of Kadamparai plant and results would be useful for investors and

researchers to understand the economics of Indian pumped storage schemes.
6.2. ECONOMIC ASPECTS OF KPSP

The decision variables such as the annual energy generation (MU), annual pump
energy consumption (MU), the energy cost for pumping and generation (Rs./kWh) are
used to calculate the gain. The 20% annual fixed charges (AFC) assumed in the calculation
towards expenditure is equal to the approved rate by the state regulatory authority
(Annexure — 13). Transmission losses are not considered in the analysis and in all cases it
is assumed as accounted on distribution company account. Cycle efficiency is assumed as
75% [101]. Auxiliary consumption is taken as 0.7% [101]. The cost for other benefits such
as VAR regulation etc has not been considered in this analysis with the absence of data and

less operation from PHES.

With the above assumptions, the economic benefits of KPSP has been computed

based on the following formula,
Annual net benefit, (C) = (Gen x Costl) — (Pump x Cost2) — AFC 1)
Where,

C

Net benefit in Rs.



Gen = Net generation (Generation from natural inflow, wind,

pumping except  auxiliary power consumption) in MU.

Costl = Cost of power generation in Rs. /kWh.

Pump = Net pump consumption in MU.

Cost2 = Cost of pumping energy in Rs. /kWh

AFC = Annual fixed cost i.e. 20% of capital investment

By using the above formula (1) the net benefit of KPSP has been computed with

the following assumptions.

State average revenue on sale of energy is adopted as generation cost (Annexure —
14, 15), annual fixed charge as expenditure. Energy cost of state thermal plants i.e.
Rs.1.31/kWh (Annexure — 16) and purchase price of wind energy i.e. Rs. 2.70/kWh [103]
which have been adopted for calculating the cost of pumping energy.

The annual net benefit of KPSP for the years 2002-03 to 2011-12 is shown in the

following Figure 6.1 (refer Annexure — 17).
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Figure 6.1 Annual benefit of KPSP
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6.3. COMPARISON BETWEEN GAS, DIESEL AND PUMPED STORAGE
POWER PLANTS OF TAMIL NADU STATE

The major problem of the Indian power system is the ever increasing peak power
demand in almost all the regions. To meet the existing peak demand, Government of India
has proposed gas peaking plants in 12™ and 13" plan period because of their low capital
costs and less construction period in comparison to the pumped storage projects [31].
Further, the running cost of gas plant is based on the price of gas, which is always having a
rising tendency. PHES are used for absorbing surplus energy during off peak hours and
this facility is not available with gas turbine stations. The gas turbines are used as reserve
plants, and operations are considered as a last resource on merit order dispatch due to high
production cost [31]. The cost of production with the existing operating conditions of
pumped storage has been compared with the cost of gas and diesel power plants which are
mainly used for peaking purpose in Tamil Nadu state are as shown Figures 6.2 and 6.3.

The generation cost of the KPSP is comparatively less in all the given years.
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Figure 6.2 Actual generation cost for gas power plants in Tamil Nadu state &
KPSP
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Figure 6.3 Actual generation cost for diesel power plants in Tamil Nadu state &
KPSP

6.4. CONCLUSION

In India, PHES have been developed based on geographical and topographical
conditions and the needs of the power system. Developed nations have fixed the cost of
pumped storage energy based on electricity trading since they have energy arbitrage
opportunities and separate tariff policies. But such commercial policies have not been
adopted in India since it is in developing stage. Further, the power trading exists for the
previous 6 to 7 years in India and fixing energy pricing has got certain limitation in day to
day operation.

At present, PHES are mainly operated to maintain the power system reliability of
the country and gradual performance improvement is found from six PHES which are
operating in pumping mode after the introduction of ABT. The results of this study reveal
that the operation of PHES is found beneficial not only in meeting the peak demand but
also economically justifiable (even after considering the cost of pumping energy in the post
2003 scenario). Further, this study reveals that the energy cost of PHES is less when

compared with that from other peak generating plants i.e. gas, diesel power plants.
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Chapter 7
CONCLUSIONS

7.1. INTRODUCTION

In India, peak and energy shortage are of the order of 4.5% and 4.2% respectively
as on 2014, though the installed capacity increased from 2000 MW (1950) to 243 GW
(2014) along with new infrastructure on transmission system and formation of national
grid. Since energy demand grows incrementally due to the rapid growth of industrial
activities, agriculture, etc. it becomes increasingly difficult to bridge the gap between
demand and supply. To manage the situation, though capacity addition is being made every

year, load shedding is inevitable till date.

The percentage of energy storage schemes, particularly pumped storage schemes
determine the stability of any power system. In India, the installed capacity of the PHES
represents about 1.98% of the total installed capacity of the country. In this scenario, this
research is set to analyze the performance of the existing pumped storage plants in India
and specifically analyze the performance of Kadamparai pumped storage plant based on

the historical performance and suggest ways and means to improve its performance.
7.2.  CONCLUDING REMARKS
The major outcomes of the study are stated below.

1. This study reveals that the reasons for less pumping operation for the stations
which are operated on both modes were mainly due to deficit of surplus energy
availability in the power system. But this situation has changed gradually and the
record shows that the production of some major stations have attained about 50% to
60% of the designed energy generation after 2003. More hours of pumping
operation has been observed from the major plants due to formation of the national
grid and introduction of ABT. The generation gap observed from the analysis
clearly indicates that there is a scope for longer hours of pumping operation in
future due to addition of new generating plants along with renewable energy

development and regional transfer of surplus power.



. The technical benefits obtained from the major PHES suggest commissioning of

more PHES being helpful to improve the power system stability.

Utilizing the hydro power plant sites effectively which are suitable for PHES

installation would suit to the country’s energy and economic policy.

Further, the results of the economic analysis of Kadamparai pumped storage plant
operation reveal that the operation of PHES was found beneficial and the
production cost of energy from PHES is less compared to other peaking (diesel,

gas) power plants.

. Worldwide, energy storage schemes play a vital role for effective utilization of
energy produced from renewable energy sources. The same was experienced from
the historical operation of Kadamparai pumped storage plant. The grid rejected
wind energy had been utilized by KPSP and which had contributed more pumping
operation. Hence the plant performance increased considerably after the period
2008-2009, which is detailed in Chapter — 3.

Hence, in India, developing more PHES in future will be helpful to meet the ever
increasing peak shortage, improve power system reliability and for better utilization
of the renewable energy in optimal way.

. A reservoir regulation model has been developed to analyze the possibility of
improving the present performance of the Kadamparai pumped storage plant. The
results obtained show that by maintaining a lesser storage on both reservoirs would
give more benefits in utilizing the spill water than maintaining the storage very near

to the full reservoir level.

. As a technological improvement, variable speed operation has been analyzed for
improving the plant performance. Use of variable speed machines instead of
synchronous machines has been analyzed with historical operational data in both
the modes. The analysis reveals that an additional energy output of 25 MU per
annum on average could be generated if variable speed machines are adopted in
place of existing fixed speed machines. Further the surplus power available is of
the order of 70 - 90% of the machine capacity which could also be utilized to

recycle the water by using variable speed machines.
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7.3.

9. Since the machines have been run for more than 1,13,620 hours (up to 2012) from
the date of commissioning, it is suggested while undertaking the renovation and
modernization it would be desirable to go for variable speed machines for obtaining
higher operational efficiency than the fixed speed machines.

FUTURE SCOPE

> Detailed study on economic benefits including other technical constraints in the
proposed variable speed conversion of Kadamparai pumped storage plant can be

carried out as a future study.

> Further research is necessary to assess the impact of climate change on storage in
future and as well as on operation of Kadamparai pumped storage plant. This study

may be extended to other pumped storage plants as well.
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Annexure — 1

Permission letter from TNEB authorities for visiting Kadamparai power house

POWERING TAMILNADU'S PROCRESS V'im'lmce Ccu
Anna Salai
Chennai - 2.
N 1/B111/2010- 1 dt. 17. 09.2010

Sub: Vigilance Cell - Visit to Kadamparai Hydro Power Station
T by TheNcSivakumar;-Bh-D.; Schelar at Water Resources
Development and Management, Indian Institute of
Technology, Roorkee - Permission — Granted.

Ref: 1. V.C.Memo No.45728/V.C.8/87-3, dt. 30.3.1988
2. From the Professor (Hydro Electric), Water Resources
Development and Management, Indian Institute of
Technology, Roorkee Letter dt. 10.09.2010.
000

Permission is granted for visiting Kadamparai Hydro Power Station in any
two days in the fist week of October 2010 to Thiru.N.Sivakumar, Ph.D. Scholar at
Water Resources Development and Management, Indian Institute of Technology,
Roorkee in connection with “ Techno Economic Evaluation of Pumped Storage
Schemes in the Indian Context “ subject to the condition that his observations and the
study report to be made available to the Board for its use and also on the conditions
specified in the Memo first cited.

2. ThN.Sivakumar is advised to contact Er. Namasivayam, Executive

Engineer./Controls/ Kadamparai Power House for his studies and hand over the final
copy of thesis for forwarding the same to the C.E./Hydro/ Chennai.

ADDL. DIRECTOR GENERAL OF POLICE/VIGILANCE (A/c)
To

Engineer./
Circle/ Kadamparai
to :- Th.N.Sivakumar, Ph.D.,
Thro’ Th.DevadutaDas:
. Professor(Hydroelectric),
Dept. of Water Resources Development &

Management
Indian Institute of Technology, Roorkee
Roorkee — 247 667.

Copy to: The Chief Engineer./Hydro/
Tamil Nadu Electricity Board/ Chennai — 2

// TRUE COPY // FORWARDED BY ORDER /

sééi,zi/%/y/p
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Features of major pumped storage schemes

Annexure — 2 [100]

Sl. | Name of PSS UR | LR | Type UR LR Power | Tailrace Tailrace Rated Speed Year of
No. of Volume | Volume | Evacua | Tunnel or Tunnel or Head Commissioned
Power tion Channel Channel
House | (MCM) | (MCM) | (kV) (m) (m®) (m) (RPM)
1. | Kadamparai (400 MW) i 1476 L i
(4 x 100 MW) v E | Cavern 26.8 220 7D 56,774.34 341 500 1987-89
2. | Srisailam (900 MW) ) i 2300 L i
(6 x 150 MW) E E | Cavern 400 15D 4,06,237.5 91/95 136.4 2000-03
3. | Ghatghar (250 MW) 425 L
(2 x 125 MW) (Pure) v v" | Cavern 6.05 3.57 220 58D 11,223.15 385.6 - 1995-08
4. | Purulia 900 MW 590L, 8.7D
(4 x 225 MW) (Pure) v v' | Cavern 13 13 400 590L. 5.6D 49,580.21 177 250 2007-08
5. | Kadana (240 MW) v ) ) ]
(4 X 60 MW) UC | Surface | 1690 220 Short 43.5/47 142.85 1990-98
6. | Bhira (150 MW) v | v | shaft | 52302 | 154 | 220 37 g '[‘) 8357895 | 480/532 | 500/750 1995

UR — Upper Reservoir, LR — Lower Reservoir, v' - Newly constructed, E - Existed, UC — Under Construction, L — Length, D - Diameter
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Annexure - 3

Operational pattern of KPSP — March 2009
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Annexure — 3 (contd.)

Operational pattern of KPSP — March 2009
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Annexure — 3 (Contd.)

Operational pattern of KPSP — March 2009

Date/Time 21 22 23 24 25 26 27 28 29 30 31
0 P1 0| P4 P2 P1 0|P3 0 0 0
1 P1 P1 P4 P2 P2 P1 0| P3 0 0 0
2 P4 P2 P3 P2 P2 P1 P1 P3 0 0 0
3 P4 P2 P3 P2 P2 P2 0| P3 0 0 0
4 P2 P2 P2 P2 P2 P1 0 0 0 0 0
5 0| P2 P2 P2 P1 0 0 0 0 0] G1
6 0 0] G1 G1 0 0 0 0 0] G1 G1
7 0 0|G1 Gl 0 0 0 0 0| G2 G2
8 0 0] G1 G1 0 0 0 0 0] G1 G2
9 0| P1 Gl Gl 0 0 0 0 0 0] G2
10 P1 P1 G2 0| G1 0 0 0] G2 G4
11 P1 P2 G2 Gl G1 0 0 0] G2 G4
12 0|P1 G2 Gl G1 Gl 0 0 0| G2 G4
13 0 0] G2 G1 0| G1 0 0 0| G1 G3
14 0| P1 G2 Gl 0| G1 0 0 0|G1 G3
15 0| P3 G1 G1 0 0 0 0 0| G1 G1
16 0| P3 Gl P1 0|P1 0| SCP Gl 0
17 0| P4 0 0 0| P2 0| P2 0 0
18 P1 P4 G2 G2 0 0] P2 P1 P2 G1 G2
19 0| P4 G3 G2 G1 0| P2 SCP P1 G3 G2
20 P1 P4 G3 0 0| P3 SCP 0] G3 G2
21 P1 P4 Gl Gl 0 0| P3 SCP 0| G2 G1
22 P1 P4 G2 G1 0 0| P3 0 0] G3 G3
23 0| P3 G2 P2 P1 0| P3 0 0| G3 G3
24 0| P3 0| P2 P1 0| P2 0 0 0 0

P — Pump, G — Generator, 1,2,3,4 — Number of units under operation, SCP — Synchronous Condenser Pumping
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Annexure — 4

Water requlation model
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Annexure — 5

Calculation for energy generation

Kadamparai Power House, G1 (KPH):
1 unit (100 MW) generation 1 hour, Discharge, Q = 4 Mcft
Energy generation = 1,000,000 (1 LU)

Upper Aliyar Power House, G2 (UAPH):

1 unit (60 MW) generation, rated discharge = 600 Q Sec.
Water discharge for 1 hour = 2.16 Mcft
Energy generation = 83,000 (0.83 LU)

Generation as per DPR:
The DPR specifies for 8 hours pumping during night and 6 hours generation

during day. Calculated for 300 day for a year.

Projected generation by pumping (400 * 10°*300/10%) = 720 MU
Projected generation by natural inflow = 77MU
Projected total generation for the year = 797 MU
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Variable speed operation of Kadamparai PSP — Generation

Annexure - 6

Head Discharge Rated Input Input Synchrono . Base Peripheral Efficiency Efficiency
: Peripheral . ; ; :
input power power us speed velocit peripheral velocity (fixed (variable

factory velocity factor Speed) speed)
(m) (m3/sec.) (MW) (MW) (p.u.) (RPM) factor (p.u.) (%) (%)

395 34 110.914 131.748 1.19 500 88.052 94.768 0.93 85 85

385 34 110.914 128.413 1.16 500 89.188 94.768 0.94 88 88.2

375 34 110.914 125.078 1.13 500 90.370 94.768 0.95 89 89

365 34 110.914 121.742 1.10 500 91.599 94.768 0.97 89 89

355 34 110.914 118.407 1.07 500 92.880 94.768 0.98 89 90

345 34 110.914 115.071 1.04 500 94.217 94.768 0.99 88.2 92

335 34 110.914 111.736 1.01 500 95.613 94.768 1.01 87 93

325 34 110.914 108.401 0.98 500 97.073 94.768 1.02 85.8 91

323 34 110.914 107.733 0.97 500 97.373 94.768 1.03 85 90
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Variable speed operation of Kadamparai PSP — Pumping (for designed head variation)

Annexure - 7

Input power = 80 MW

Head Input Input Peripheral Base Peripheral Efficiency Efficiency Discharge Discharge Discharge
variation | power power velocity peripheral velocity (fixed (variable (fixed (variable difference
factor velocity factor speed) speed) speed) speed)
m) | Mw) (p.u.) factor (p.u.) (%) (%) (m®sec.) (m¥sec.) (m®sec.)
413 80 0.73 86.11 89.66 0.96 834 84 16.47 16.59 0.12
393 80 0.73 88.28 89.66 0.98 824 84 17.10 17.43 0.33
381 80 0.73 89.66 89.66 1.00 81.2 84 17.38 17.98 0.60
361 80 0.73 92.11 89.66 1.03 80 84 18.07 18.98 0.90
341 80 0.73 94.77 89.66 1.06 80 84 18.75 19.69 0.94
Input power = 90 MW
Head Input Input Peripheral Base Peripheral Efficiency Efficiency Discharge Discharge Discharge
variation power power velocity peripheral velocity (fixed (variable (fixed (variable difference
factor velocity factor speed) speed) speed) speed)
(m) (MW) (p.u.) factor (p.u.) (%) (%) (m*/sec.) (m*/sec.) (m*/sec.)
413 90 0.82 86.11 89.66 0.96 85.5 87.5 18.99 19.44 0.44
393 90 0.82 88.28 89.66 0.98 84.5 87.5 19.73 20.43 0.70
381 90 0.82 89.66 89.66 1.00 84 87.5 20.23 21.07 0.84
361 90 0.82 92.11 89.66 1.03 82.5 87.5 20.97 22.24 1.27
341 90 0.82 94.77 89.66 1.06 81 87.5 21.79 23.54 1.75
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Variable speed operation of Kadamparai PSP — Pumping (for designed head variation)

Annexure - 7 (contd.)

Input power = 100 MW

Head Input Input Peripheral Base Peripheral Efficiency Efficiency Discharge Discharge Discharge
variation | power | power velocity peripheral velocity (fixed (variable (fixed (variable difference
factor velocity factor speed) speed) speed) speed)
m) | (MW) (p.u.) factor (p.u.) (%) (%) (m®sec.) (m¥sec.) (m%sec.)
413 100 0.91 86.11 89.66 0.96 87.4 89.4 21.57 22.07 0.49
393 100 0.91 88.28 89.66 0.98 86.2 89.4 22.36 23.19 0.83
381 100 0.91 89.66 89.66 1.00 85.8 89.4 22.96 23.92 0.96
361 100 0.91 92.11 89.66 1.03 84.4 89.4 23.83 25.24 1.41
341 100 0.91 94.77 89.66 1.06 83 89.4 24.81 26.72 1.91
Input power = 110 MW
Head Input Input Peripheral Base Peripheral Efficiency Efficiency Discharge Discharge Discharge
variation | power | power velocity peripheral velocity (fixed (variable (fixed (variable difference
factor velocity factor speed) speed) speed) speed)
(m) | (MW) (p.u.) factor (p.u.) (%) (%) (m¥sec.) (m®sec.) (m¥sec.)
413 110 1 86.11 89.66 0.96 89 94 24.16 25.52 1.36
393 110 1 88.28 89.66 0.98 88.2 94 25.17 26.82 1.65
381 110 1 89.66 89.66 1.00 87.4 94 25.72 27.66 1.94
361 110 1 92.11 89.66 1.03 86.2 94 26.77 29.20 2.42
341 110 1 94.77 89.66 1.06 85 94 27.95 30.91 2.96
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Annexure - 8

Variable speed operation of Kadamparai PSP — Pumping (for operating head variation)

Input Power = 80 MW

Head Input | Input . Base Peripheral | Efficiency | Efficiency | Discharge | Discharge | Discharge New New
o Peripheral . . : . ; . . .
variation | power | power velocit peripheral velocity (fixed (variable (fixed (variable | difference | peripheral | speed
factory velocity factor speed) speed) speed) speed) velocity
m)| (MW) | (p.u.) factor (p.u.) (%) (%) | (m%sec.) | (m®sec)| (m%sec.) factor (rpm)
401 80 0.73 87.39 89.66 0.97 83.2 86.5 16.92 17.59 0.67 0.85 436
391 80 0.73 88.50 89.66 0.99 82.9 86.5 17.29 18.04 0.75 0.85 431
381 80 0.73 89.66 89.66 1.00 81.2 86.5 17.38 18.51 1.13 0.85 425
371 80 0.73 90.86 89.66 1.01 81.5 86.5 17.91 19.01 1.10 0.85 419
361 80 0.73 92.11 89.66 1.03 86.2 86.5 17.71 18.86 0.09 0.85 414
Input Power = 90 MW
Head Input Input | Peripheral Base Peripheral | Efficiency | Efficiency | Discharge | Discharge | Discharge New New
variation | power | power | velocity | peripheral | velocity (fixed (variable (fixed (variable | difference | peripheral | speed
factor velocity factor speed) speed) speed) speed) velocity
m)y| MwW) | (p.u) factor (p.u.) (%) (%) | (m%sec) | (m%sec)| (m%sec)| factor (rpm)
401 90 0.82 87.39 89.66 0.97 84.9 88.6 19.42 20.27 0.85 0.85 436
391 90 0.82 88.50 89.66 0.99 84.8 88.6 19.90 20.79 0.89 0.85 431
381 90 0.82 89.66 89.66 1.00 84 88.6 20.23 21.33 111 0.85 425
371 90 0.82 90.86 89.66 1.01 83.5 88.6 20.65 21.91 1.26 0.85 419
361 90 0.82 92.11 89.66 1.03 82.5 88.6 20.97 22.52 1.55 0.85 414
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Annexure — 8 (contd.)

Variable speed operation of Kadamparai PSP — Pumping (for operating head variation)

Input Power = 100 MW

Head Input Input | Peripheral Base Peripheral | Efficiency | Efficiency | Discharge | Discharge | Discharge New New
variation | power | power | velocity | peripheral | velocity (fixed (variable (fixed (variable | difference | peripheral | speed
factor velocity factor speed) speed) speed) speed) velocity
m)| (MW) | (p.u) factor (p.u.) (%) (%) | (m%sec) | (m%sec)| (m%sec)| factor (rpm)
401 100 0.91 87.39 89.66 0.97 86.9 94 22.09 23.90 1.80 0.86 441
391 100 0.91 88.50 89.66 0.99 86.5 94 22.55 2451 1.96 0.86 436
381 100 0.91 89.66 89.66 1.00 85.8 94 22.96 25.15 2.19 0.86 430
371 100 0.91 90.86 89.66 1.01 85.5 94 23.49 25.83 2.34 0.86 424
361 100 0.91 92.11 89.66 1.03 84.4 94 23.83 26.54 2.71 0.86 419
Input Power =110 MW
Head Input Input | Peripheral Base Peripheral | Efficiency | Efficiency | Discharge | Discharge | Discharge New New
variation | power | power velocity | peripheral | velocity (fixed (variable (fixed (variable | difference | peripheral | speed
factor velocity factor speed) speed) speed) speed) velocity
m)| ™MwW) | (p.u)) factor (p.u.) (%) (%) | (m®sec.) | (m¥sec)| (m%sec)| factor (rpm)
401 110 1 87.39 89.66 0.97 88.3 94 24.69 26.28 6270 0.9 462
391 110 1 88.50 89.66 0.99 87.9 94 25.21 26.96 6710 0.9 456
381 110 1 89.66 89.66 1.00 87.4 94 25.72 27.66 7260 0.9 450
371 110 1 90.86 89.66 1.01 87.2 94 26.36 28.41 7480 0.9 444
361 110 1 92.11 89.66 1.03 86.2 94 26.77 29.20 8580 0.9 438
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Annexure — 9

Model for calculating pumping benefit for KPSP by using variable speed operation

Date Day Pump NO. Of Pump Static Friction Dynamic Discharge | Discharge Total Total Additional
Discharge Pump operating head loss head (fixed (variable | discharge | discharge | discharge
units hours speed) speed) (fixed (variable
speed) speed)
(Mcft) (m) (m) (m) | (m%sec)) | (m¥sec.) | (MMC) | (MMC) | (MMC)
01Jan 2008 | Tue 86.03 3 28.68 377.12 6 383 25.12 25.73 2.59 2.66 0.06
02 Jan 2008 | Wed 52.77 2 17.59 381.27 4 385 25.02 28.51 1.58 1.81 0.22
03Jan 2008 | Thu 69.73 3 23.24 381.64 6 388 24.86 28.44 2.08 2.38 0.30
04 Jan 2008 Fri 76.68 3 25.56 381.74 6 388 24.86 28.37 2.29 2.61 0.32
05Jan 2008 | Sat 88.84 3 29.61 382.75 6 389 24.81 28.30 2.65 3.02 0.37
06 Jan 2008 | Sun 53.99 2 18.00 386.44 4 390 24.76 28.23 1.60 1.83 0.22
07 Jan 2008 | Mon 43.35 2 14.45 387.24 4 391 24,71 28.16 1.29 1.46 0.18
08 Jan 2008 | Tue 45.31 2 15.10 387.12 4 391 24,71 28.09 1.34 1.53 0.18
09 Jan 2008 | Wed 50.25 2 16.75 385.17 4 389 24.81 28.01 1.50 1.69 0.19
10Jan 2008 | Thu 47.21 2 15.74 376.91 4 381 25.23 27.94 1.43 1.58 0.15
11 Jan 2008 Fri 64.19 3 21.40 377.25 6 383 25.12 27.87 1.94 2.15 0.21
12 Jan 2008 | Sat 63.48 3 21.16 377.88 6 384 25.07 27.80 1.91 2.12 0.21
13 Jan 2008 | Sun 89.67 3 29.89 378.62 6 385 25.02 27.73 2.69 2.98 0.29
14 Jan 2008 | Mon 52.96 2 17.65 377.81 4 382 25.18 27.66 1.60 1.76 0.16
15Jan 2008 | Tue 72.92 3 24.31 377.71 6 384 25.07 27.59 2.19 2.41 0.22

131




Annexure — 10

Hill curve (Generation)

('n*-d) xo3oeg

A31ooTaA Tea=adTaag ¢

L'L 0l iz e 010 80 L0 90 g0 ¥0 X 0
I (111 T I _ T T .
—CC0
9%0€
pr0 B
o}
b
— % 0P o+
g
/ 3 (o]
A 010 = "D M
%08 —990 o
- f————ST10 = ) )
4 %09 ~ G
T ———gi0= 0 o
\\o\ooh 3 o
e g 0 —880 <
- \M\V‘o.u@ooo_
—0L'L

JARA AFAdS ATIVRIVA ¥ QEANI 4O SISVTVNY LONAIOIAAd
(TAAUND TTIH) NOILVIANTD dSd IVIVAINY AV

132



Annexure — 10 (contd.)

Hill curve (Generation)
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Annexure — 10 (contd.)

Hill curve (Generation)
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Annexure — 11
Hill curve (Pumping)
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Annexure — 11 (contd.)

Hill curve (Pumping)
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Annexure — 11 (contd.)

Hill curve (Pumping)
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Annexure — 11 (contd.)

Hill curve (Pumping)
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Annexure — 11 (contd.)

Hill curve (Pumping)
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Annexure — 11 (contd.)

Hill curve (Pumping)
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Annexure — 11 (contd.)

Hill curve (Pumping)
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Annexure — 11 (contd.)

Hill curve (Pumping)
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Annexure — 12

Actual Purchase and Enerqy Sales of TNEB

Year Sale | Purchased | Purchase | KPH Pump Auxiliary Line Gross
of Energy | cost paid | consumption energy loss energy

energy consumption
(MU) (ML) (Crores) (MU) (MU) (ML) (MU)
2002-03 | 36347 21263 5703.14 185 1878 7979 | 46389
2003-04 | 38697 25384 6663.82 468 1838 8495 | 49498
2004-05 | 41200 25895 7083.02 232 1869 9044 | 52345
2005-06 | 44592 29811 8040.88 555 1791 9788 | 56726
2006-07 | 50159 34082 9964.96 417 1976 11011 | 63563
2007-08 | 53370 37574 12493.80 390 1914 11715 | 67389

Source: TNEB Statistics at a Glance 2007- 08

Annexure — 13[23]

Table 142: Fixed Charges for Kadamparai Generation Circle

Petition (%) Revised (‘QO’/‘:;)miSSiO” TNERC Approval (%)

Fy 2010- | 2011- | 2012- | 2010- | 2011- | 2012- | 2010- | 2011- | 2012-
11 12 13 11 12 13 11 12 13

Depreciation 5.07 5.33 578 | 396 | 4.00 | 4.36 396 | 396 | 4.36
Interest on Loan 1.78 8.53 | 13.60 | 1.20 1.29 1.38 1.20 1.29 1.38
Return on Equity 2.89 3.60 5.42 3.02 3.56 5.47 2.49 3.29 4.49
O&M Expenses 8.58 9.16 9.51 8.58 9.16 9.51 8.58 8.89 9.24
Other Debts 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Less: Misc Income 0.09 0.13 0.13 0.09 0.13 0.13 0.09 0.13 0.13
Total 18.22 | 26.53 | 34.22 | 16.71 | 17.91 | 20.62 | 16.18 | 17.33 | 19.42

Annexure — 14

Cost of energy at various points - Average rate of realization (Paise/k\Wh)

2002 - 03 2003 - 04 2004 - 05 2005 - 06

255.61 283.95 297.28 307.63

Source: TNEB Statistics at a Glance 2007- 08
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Generation and sale cost of KPSP (Paise/kWh)

Annexure - 15

2009-10 2008-09 2007-08 2006-07
Generation | Sale | Generation | Sale | Generation | Sale | Generation | Sale
cost cost cost cost cost cost cost cost
81.82 311.08 132.71 311.19 95.60 317.03 90.75 310.16
Source: CEA

Annexure — 16

Details of tariff approved for power purchasing from central generating stations

Annual capacity

Provisional energy

Name of the power plant _ _ ] Year
charges in (Crores) | charges in (Paise)
NLC TPS -1 152.99 132.11 2008-09
NLC TPS - 2 Stage - 1 121.96 121.00 2008-09
NLC TPS Stage - 2 175.19 121 2008-09
NLC TPS - 1 EXP 256.61 114.01 2008-09
NTPC Ramagundam
Stage — 1 & 2 479.71 82.84 2008-09
NTPC Ramagundam 263.31 86.62 2008-09
Stage - 3
NTPC Talcher Stage - 2 863.5 58.73 2008-09
MAPP Single part 181.18 2006-11
KAIGA Atomic Single part 279.50 2005-10
Average 131.99

Source: TNEB Statistics at a Glance 2007- 08
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Annexure — 17

Calculation of annual net benefit for KPSP

c > > S > S o)) g o g 5 1) o —
= 2T =) 2 o c S 5L S 2 £E8 £8 2 Q =] @
§ |T2 | 5=< 2 S |3 |85 | 3% SESS|ZES|E S| -5 | B9 | g8
g [S5E2|EE£2| €2 |2E82|852|oSE2| 2222 | 32E% | 228% | 58%| &% | &% | §E
c S®2| 232 o2 ss5=2|S22|cfag=2 a2 |09 . =S=2 4| 20 4 i 3 > S
< o = [ ~ =~ = 0~ q_,-l(—s'vo_E:v Q_E;v OOSU) Oovw > %] < £ W GJ=
c 23 o = = C c 8 Sk 5 - >F X - > X o X S X _x x =
iT T B O 3 = X 3 N > > Q- | 9 Ty g~ T =
& e =3 S 2 @ BN 32 S5 S5 2 = 5 2

3 3 S S LI < =
2002-03 95 108 203 1.40 201.60 144 29 18.86 7.83 51.61 45 71.69 -202.54
2003-04 57 351 408 2.90 405.10 444 24 58.16 6.48 115.05 45 109.64 54.04
2004-05 82 174 256 1.79 254.21 207 25 27.12 6.75 75.50 45 78.87 -33.67
2005-06 165 416 581 4.06 576.94 517 38 67.73 10.26 177.70 45 122.99 547.11
2006-07 126 312 438 3.00 435.00 374 42 48.99 11.34 134.85 45 105.33 295.16
2007-08 155 302 457 3.20 453.80 378 25 49.52 6.75 143.85 45 101.27 425.87
2008-09 116 178 294 2.00 292.00 219 18 28.69 4.86 90.81 45 78.55 122.63
2009-10 55 364 419 2.93 416.07 435 50 56.99 13.50 129.40 45 115.49 139.13
2010-11 113 459 572 4.00 568.00 549 62 71.92 16.74 177.22 45 133.66 435.57
2011-12 106 400 506 3.54 502.46 478 55 62.62 14.85 156.77 45 122.47 343.00
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