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ABSTRACT
When coupled to multistage centrifugal pumps, Pelton wheels can closely follow steep
generating and pumping ramps. Dynamic simulation is an excellent tool for establishing the
boundaries within which a pumped hydro storage (PHS) system configured with a by-pass can
operate. An impulse turbine, a synchronous machine, a hydraulic torque converter and a threestage centrifugal pump, connected to the same shaft, constitute an advanced design to meet the
unpredictability of wind and solar (W/S). The constant speed turbine is modeled via needle valve
flow control to balance the shaft torque to meet the load. The pump is simulated based on
turbomachinery equations, as to ascertain the torque required to absorb variability. The torque
converter couples the pump to the generator shaft, and can lock in at a predetermined slip. The
synchronous machine follows the net load in generating or pumping, meeting the grid operator
specifications. The penstock model (800m, 6.5 km), meets requirements to avoid steep pressure
excursions. A sufficient net positive suction head (NPSH) is assumed for the pumps and stored
water mass is accounted for. The system can seamlessly switch from providing to storing power
to/from the grid. An important question for PHS is to ascertain what revenues can be accrued by
the enhanced flexibility of the response of the subject technology. For the grid operator setting,
the plant is simulated to provide frequency and voltage regulation in order to meet a prescribed
schedule for generation and storage. The prices applied are for both 2011 and 2012, and within
those years, the revenues for typical spring and summer months are calculated for a 150 MW
plant. Those revenues are used to complete a present worth analysis for three separate operating
strategies.
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NOMENCLATURE
Flow area of the needle valve
Any physical fluid parameter in the Re transport theorem
Damping constant of the hydraulic torque converter
Change of inertia with respect to time
Angular acceleration of the turbine
Electrical frequency out of the generator (Hz)
Standard gravity

Angular momentum
Nominal head
Total head of the pump output
Head of one pump stage
Head at the turbine

Inertia of the system
Inertia of the pump
LOC

ORC
ORR

Length of the penstock
Lost Opportunity Cost

Revenue from LOC
Mass flow rate entering the turbine
Mass flow rate exiting the turbine
Pumped mass flow rate
Stored mass flow rate
Mass flow rate of the turbine
Specific speed
Operating Reserve Charge
Operating Reserve Rate
Number of poles in the motor/generator (12)
Apparent power
Maximum power of the motor/generator (200MVA)
Power of the motor
Power offer in PJM market
Power production
Real power out of the motor/generator
Regulation offer in PJM market
Power set point when operating in regulation
Power for an individual stage of the pump (50MW)
Stored power
Power of the turbine
Volumetric flow of the pump
Reactive power
Volumetric flow in the turbine
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RMCP
RTLMP

Radius at the midpoint of the turbine bucket
Revenue from regulation
Radius at which the flow enters the turbine
Radius
Radius at which flow exits the turbine
Regulation market clearing price
Real time locational marginal price
Torque applied by the water on the turbine
Minimum closing time
Electrical torque

Torque on the shaft from the motor/generator
Net torque on the shaft
Minimum opening time

Torque on the shaft from the pump
Inertia time constant of the water in the penstock

Percent design torque of the pump (
Velocity of the flow entering the turbine
Rated voltage

)

Penstock water velocity

UDS

Velocity of the flow exiting the turbine
Uninstructed deviation settlement
Direct axis reactance
Quadrature axis reactance
Relative pressure

Rotor angle
Motor/Generator damping ratio
Pump efficiency
Turbine efficiency
Water density (1000 kg/m3)
Angular velocity of the turbine
Frequency of electromechanical oscillations (
)
Angular velocity of the pump
Rated speed of the system
Turbine angular velocity in rpm
Electrical frequency (314.16 rad/s)
Percent of pump angular velocity compared to the turbine (
Angular acceleration of the turbine
Angular acceleration of the pump

)
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Chapter 1
Introduction
Renewable energy in today’s world could be a particularly lucrative energy source for a
number of reasons. It is environmentally benign due to the fact that it does not have to be
extracted from the earth, and does not produce emissions that degrade the environment,
contribute to global warming, or waste that must be disposed of. For two of the most common
renewable sources, wind and solar, there are no fuel costs to worry about now, or in the future.
Although there is a big upside to these sources, they do entail difficulties and problems in other
areas, notably those of first cost, area requirements, and intermittence.

Although wind and solar have free fuel sources, they do not always act in a predictable
fashion, or follow the demands of customers. These variations can be thought of as natural cycles
whose length can vary from short to long term [1]. Figure 1.1 shows the timescales of these
natural cycles for different renewable resources.

Figure 1.1 Renewable energy sources and their cycle timescales [1]
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Of the renewable resources in the figure, solar and wind power exhibit the shortest
cycles, or fastest changing power levels. For this reason, there is some concern about the
variability of wind affecting the grid. The variability of wind is seen by the operator as
unscheduled changes in power, and consequently a change in frequency that must be balanced
[2]. Table 1 shows some of the estimated costs associated with balancing the grid as the wind
installed capacity increases.
Table 1: Additional costs associated with renewable resources from various studies [2]

Date

Study

May 2003
Sep 2004
Jun 2003
Jun 2003
2005
Apr 2006
Apr 2006

Xcel-UWIG
Xcel-MNDOC
We Energies
We Energies
PacifiCorp
Xcel-PSCo
Xcel-PSCo

Wind
Total
Capacity
Operating
Penetration Cost Impact
(%)
($/MW)
3.5
1.85
15
4.6
4
1.9
29
2.92
20
4.6
10
3.72
15
4.97

With greater wind penetration into the grid these deviations from scheduled operation are
seen as more extreme changes by the grid operator. Naturally, those extreme changes must be
balanced. Increasing penetration will likely lead to increased costs, and with the recent trends of
rapidly expanding wind energy production capacity, the country will need to look deeper into
ways to mitigate the costs associated with balancing [2].

One common way to mitigate the variability of wind and solar power is to use fast
ramping generators to meet demand, preserve frequency, and manage reactive power. When the
penetration of wind and solar power increases, there is a greater need for fast ramping generators.
If the mitigating generators are gas driven, they can offset some of the environmental benefits of

3
renewable power [3]. With cumulative wind power capacity in the United States growing rapidly
(16% in 2011), variations from renewable sources will likely cause problems in the near future
[4].

One solution to the problem presented is to use another renewable source as the fast
ramping generator. Hydroelectric storage facilities are used by many countries to help balance
grid variations due to hydro’s ability to react quickly, and sustain power output for hours [1]. In
areas where hydro is available it can allow the grid to be balanced while maintaining the
environmental benefits of renewable resources. Pumped hydroelectric storage (PHS) can also
have good round trip efficiencies for the energy stored (70%-80%), and much higher storage and
generating capacities when compared to other technologies [1].

Motivation
Claims have been made that PHS implemented with a Pelton wheel can react rapidly to
changes in power, as well as absorb or generate significant amounts of power by readily
switching between pumping and generating modes [5]. A Pelton wheel is a type of hydro turbine
that uses the momentum of a water jet to rotate the generator shaft. The goal of this research is to
model such a plant, and analyze its response to changing loads to determine how quickly the plant
can react. Pelton wheels are turbines, and incapable of pumping on their own so they are always
accompanied by a separate pump when used for PHS. In this work, the unit was modeled with the
Pelton wheel in a hydraulic short circuit similar to figure 1.2.
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Figure 1.2 Pumped storage utilizing a bypass component diagram

Hence, the separate turbine and pump can work together to allow for variable pumping.
A Pelton wheel PHS unit has 4 main components on the generator shaft that need to be modeled;
namely the turbine, the generator, the hydraulic clutch, and the pump [6]. The penstock response
times must also be considered.

The final step in the research is to see what kind of revenues can be realized from this
type of pumped storage setup. The unit, like other PHS facilities will be able to profit from
energy arbitrage by buying energy when it’s inexpensive and selling it when it is expensive [7].
Since the modeled unit will be able to modulate the power output during generation and pumping,
the ancillary service of frequency regulation will be studied to see how the facility can generate
the highest profits. According to Perekhodtsev [8], frequency regulation can provide some of the
highest revenues for pumped storage plants when compared to the other ancillary services.

Chapter 2
Approach
A computer model of a Pelton wheel PHS facility was developed in the program VisSim
to study how the plant would function, and the revenues that could be generated. The program
runs with 0.002 second granularity for 3700 seconds. For most calculations including those
related to revenue, the first 100 seconds of the simulation are ignored to ensure that the system
has settled down and that the model reflects normal operations. The model calculates the power
generated or consumed by the unit, and is able to follow an input power curve closely. This
allows the plant’s ability to follow loads to be analyzed for a better understanding of the impact a
Pelton wheel with PHS in the real world.

2.1 Turbine
Turbine calculations began with solving for the change in angular momentum of the
Pelton wheel as it interacts with the water jet. The change in the wheel’s angular momentum per
unit time also gives the value of the torque imparted on the turbine by the water. This torque is
found with the following form of the Euler equation:
Equation 2-1

With this information we can use the general form of the Reynolds transport theorem to
find the total torque on the turbine. Where B is an arbitrary physical fluid property, the change of
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B in the system is equal to the time rate of change of B in the control volume plus the difference
between the rate that B is leaving and entering the control volume.
Equation 2-2

Substituting the angular momentum component along the machine axis for B we get:
Equation 2-3

Using equation 2-4 this can be simplified down to:
Equation 2-4

Equation 2-5

The final equation for torque shows that the total torque imparted on the Pelton wheel is
the difference between the entering and exiting mass flow rates, their velocities, and radii. When
a difference between mass flow rates during transients is taken into account the third term is
added. The next major variable to solve for is the angular velocity of the Pelton wheel. This
involves the torque from the generator/motor, Pelton wheel, and the pump when it is engaged.
Equation 2-6

Equation 2-7
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Combining and reorganizing equations 2-6 and 2-7 while assuming that the inertia of the
system is constant yields:
Equation 2-8

Where T is the torque imparted on the turbine by the water, T m is the torque required by
the motor/generator, and Tp is the torque of the pump on the shaft of the motor/generator and
turbine. I is the appropriate moment of inertia for the system (wheel and generator, or wheel,
generator, and pump). Tm for the motor/generator is positive when the synchronous machine is
acting as a generator and producing energy and negative when it is acting as a motor and
consuming electricity. Integrating the solved

value gives the shaft rotational speed.

In these calculations, inertia for the turbine and generator can be roughly estimated using
the equation for rotational inertia of a cylinder:
Equation 2-9

where the used value of 240551 kg*m2 was adjusted to reflect the combined inertias.

2.2 Turbine Efficiency

Turbine efficiency was introduced into the simulation to reflect the fact that no turbine
can convert 100 percent of the potential and kinetic energy of the incoming flow into shaft
energy. The efficiency, which is multiplied by the turbine torque, varies with the turbine input
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flow. A graph of load ratio versus Pelton wheel turbine efficiency was used to measure points
which were then used to create a function that could be programmed into the VisSim simulation.
[9]

Figure 2.1 Typical efficiency [9] vs. model efficiency

The measured points yielded the following best fit function.
Equation 2-10

The addition of this function into the model yields an efficiency of 91.97% at rated
generating capacity. Whereas we recognize that efficiencies are a function of design and service
time, our assumption is that the modeled wheel responds to the general trend derived from
Equation 2-10 which applies to one generic Pelton wheel.
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2.3 Penstock

A penstock in a hydropower plant is tunnel that carries water between the upper and
lower reservoirs. The penstock for the modeled hydro unit is an essential aspect that allows us to
find how quickly the turbine can adjust its power output. The primary limiting factor in the
ramping capabilities of the unit is based off of the pressure hammer in the penstock from changes
in the flow rate [10]. To calculate the fastest opening and closing times, the inertia time constant,
and a z term need to be calculated first.
Equation 2-11

Equation 2-12

These two values can be used with the assumption of a long, elastic penstock to find the
minimum achievable opening and closing times for the penstock.
Equation 2-13

Equation 2-14

These calculations were done separate from the model, and the effects were added in the
form of a rate limiter. These limits determine the maximum speed at which the needle valve,
which controls the flow to the turbine, can open or close. The calculations gave a minimum
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closing time of 43.75 seconds and a minimum opening time of 42.78 seconds. These opening and
closing times allowed for a measured maximum positive ramp rate of about 242 MW/min, and
maximum negative ramp rate of about 236 MW/min.

2.4 Pump

Calculations for the pump were done under the assumption that each stage of the three
stage pump had equal power input and pump head. The total head for the pump was defined as
the height difference between reservoirs plus head loss. Both the total head and total power were
divided equally in three among the three stages. Using this information, flow rate and mass flow
rate could be found using equations 2-15 and 2-16
Equation 2-15

Equation 2-16

2.5 Pump controls

Controls to determine the pump, turbine, and stored power begin with the motor input.
When the input power for the simulation is negative, the synchronous machine is acting as a
motor and consuming power. Since the pumps must run at 100% (150 MW) when being used, the
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turbine must supply power that is equal to the difference between the required pump power and
power supplied by the motor.
Equation 2-17

The proportional, integral, derivative (PID) controller for the turbine adjusts the needle
valve area so that some flow is bypassed to the turbine to supply the needed power while the rest
of the flow is carried up the penstock and stored in the upper reservoir. The power stored is then
found using the mass flow rate sent to the upper reservoir and the head between reservoirs.
Equation 2-18

Equation 2-19

2.6 Hydraulic Torque Converter

The pump in this particular configuration is linked to the same shaft as the turbine and
generator/motor via a hydraulic torque converter. When the facility is running in turbine mode,
the torque converter remains empty so that the turbine and generator can run freely. When the
plant needs to switch into pumping mode, the torque converter is flooded with water and the
pump is brought up to speed with the motor and turbine [11].
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The torque converter was modeled as a rotational damper, where the damping constant,
D, was adjusted so that the startup time was about 25 seconds to match measured data [12]. The
angular acceleration of the pump shaft was found using equation 2-20.
Equation 2-20

The pump’s angular acceleration is integrated and set as the new angular velocity. Pump
torque was related to the angular velocity with the use of a generic speed-torque curve for a
centrifugal pump with open discharge [13]. Points were gathered from the curve at every 5% of
synchronous speed and a best fit quartic polynomial was applied to the data. The best fit
polynomial resulted in the following equation which can be compared to the original red line in
figure 2.2.
Equation 2-21

Figure 2.2 Centrifugal pump torque ratio vs. speed ratio

This can be expressed as:
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Equation 2-22

2.7 Ball Valves

The modeling of the ball valves is being done to more realistically simulate the start and
end of the generating and pumping modes. The valves have a closing and opening time of 20
seconds; this process was assumed to vary linearly with time [14]. Controls for the opening and
closing of the valves were set for both the valve located by the pump and the penstock. The valve
position is represented by a number between one and zero where a value of one indicates the
valve is fully open, and zero indicates fully closed. Penninger and Benigni gave flow coefficients
as a function of angle for a variety of ball valves [14]. These curves were used to generate a
generic flow coefficient curve on the zero to one scale, which could then be related to the head
loss. The head loss for ball valve one against opening position is shown in Figure 2.3.
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Figure 2.3 Ball valve head loss vs. opening position

2.8 Generator

To complete the physical characteristics of the system, the motor/generator was modeled
as a salient pole synchronous machine which is most common in hydropower units [15]. The
electrical torque output of such a machine is determined by equation 2-23, and changes with the
angle between the rotor and stator, known as delta.
Equation 2-23
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The equation combines the field winding torque and reluctance torque to yield the total
electrical torque [16]. Delta is calculated in the model by integrating the speed of the machine and
taking the difference between that and the integrated rated speed of the machine as seen in
equation 2-24.
Equation 2-24

The rated voltage for the machine is 13 kV according to Hindelang [17]. This allows for
the calculation of the armature voltage used in the torque equation [16].
Equation 2-25

The internal voltage

as well as the reactances

and

were calculated assuming

that, when generating at a steady 150 MW, the rotor angle, δ, was at 30 degrees. These three
values were found to be 11 kV, 0.653 Ω, and 1 Ω respectively. The final equation used in the
model is graphed in figure 2.4.
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Figure 2.4 Electrical torque vs. delta
Equation 2-26

This equation for electrical torque is incomplete. To eliminate some of the oscillations
present in the system, damper windings in the synchronous machine needed to be modeled. This
adds a third component to the electrical torque equation that consists of a damping constant and
the difference between the physical frequency of the rotor and the electrical frequency [19].
Equation 2-27

This final equation for electrical torque can be used to find the mechanical torque
applied on the shaft from the synchronous machine with equation 2-28.
Equation 2-28
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Where

represents the number of poles in the generator, and can be calculated with the following

equation. For the modeled machine, there are twelve poles.
Equation 2-29

2.9 Controls

The controls for this system are rather complex due to the unit’s ability to quickly switch
between pumping and generating. The system regulates power via the needle valve that adjusts
flow into the turbine. The unit also has a power output dead band between about 10.5 MW and 30MW where the unit is neither generating nor pumping. This dead band defines a power range
where it would be inefficient to generate, or where the power requirements of the pump would
result in negative stored power. Negative stored power means that for the pump to run at its rated
power, the turbine would require more flow than the pump itself is providing.

When in generating mode, a PID controller uses the current power and the requested
power to control the needle valve area passing more or less flow to the turbine. The area is then
used to find the mass flow rate using the simple calculation shown in equation 2-30.
Equation 2-30

To ensure the changing flow rate does not create too great of a pressure hammer for the penstock,
the input signal is limited whenever the slope is too large for the given penstock.
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When the input signal drops below 10.5 MW, the system goes into generating shutdown.
Ball valve one and the needle valve both close as quickly as possible. During this time, the
synchronous machine power output deviates from following the requested signal, as the PID
controller is no longer regulating the needle valve area. This sequence is illustrated in figure 2.5.

Figure 2.5 Generation shutdown process

When the input signal then drops out of the dead band and below -30 MW, the system
goes into pump-startup seen below, in Figure 2.6.
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Figure 2.6 Pumping start up process

The hydraulic clutch fills with fluid, and the pump starts the sequence to come up to
speed. While this is happening, ball valve one remains closed while ball valve two and the needle
valve begin to open. This results in the entire pumped flow rate being bypassed to the turbine to
assist in pump startup. Once the pump shaft speed reaches 99.5% of the motor/generator shaft
speed, the two physically interlock. After this happens, ball valve one opens and water starts to be
stored. This process allows the generator output to once again match the PJM signal.

When the input signal moves above -30MW the system begins the pump shutdown
process. The hydraulic torque converter physically disengages, both ball valves begin to close,
and the needle valve closes as shown in figure 2.7.
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Figure 2.7 Pumping shutdown process

When the input signal moves out of the dead band and into the generating region above
10.5 MW, generation startup begins. The needle valve and ball valve one begin to open, the
power removed from the system by the generator also increases to the input signal. The
generation startup procedure is shown in figure 2.8.
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Figure 2.8 Generation start up process

2.9 Controls without Dead band

During a visit to Voith Hydro to present research and findings, it was pointed out that the
plant was meant to operate throughout its full capacity regardless of the efficiency. The unit’s
main goal is to meet power requests of the grid, so the unit was modeled to operate even in low
efficiency situations. However, this does not mean that the unit is able to constantly follow the
grid operator’s requests because it takes time to switch between pumping and generating modes.

When in generating mode, a PID controller uses the current power and the requested
power to control the needle valve area passing more or less flow to the turbine. The area is then
used to find the mass flow rate using the simple calculation shown in equation 2-31.
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Equation 2-31

To ensure the changing flow rate does not create too great of a pressure hammer for the penstock,
the input signal is limited whenever the slope is too large for the given penstock.

When in generating mode, and the grid operator signal drops below zero, the system goes
into generating shutdown. Ball valve one and the needle valve both close as quickly as possible.
During this time, the synchronous machine power output deviates from following the requested
signal, as the PID controller is no longer regulating the needle valve area. This sequence is
illustrated in figure 2.10.

Figure 2.9 Generation shutdown process
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If the signal remains below zero, the unit will go into pump startup immediately after
shutting down generation. The pump startup sequence can be seen below, in Figure 2.11.

Figure 2.10 Pumping start up process

The hydraulic clutch fills with fluid, and the pump starts the sequence to come up to
speed. While this is happening, ball valve one remains closed while ball valve two and the needle
valve begin to open. This results in the entire pumped flow rate being bypassed to the turbine to
assist in pump startup. Once the pump shaft speed reaches 99.5% of the motor/generator shaft
speed, the two physically interlock. After this happens, ball valve one opens and water starts to be
stored. This process allows the generator output to once again match the PJM signal.
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When the input signal again moves above zero, the system begins the pump shutdown
process. The hydraulic torque converter physically disengages, both ball valves begin to close,
and the needle valve closes as shown in figure 2.12.

Figure 2.11 Pumping shutdown process

Once pump shutdown is complete, the unit is able to begin generation startup. The needle
valve and ball valve one begins to open and the power removed from the system by the generator
increases to the input signal. The generation startup procedure is shown in figure 2.13.
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Figure 2.12 Generation start up process

2.10 Wind Data

Data to simulate the output of a set of real world wind farm was taken from Richard’s
thesis [7]. A Fast Fourier Transform was performed on the one minute resolution data across
4096 points to find the fundamental frequencies. Fifteen of the most prominent frequencies and
magnitudes were measured to create a function to be used in the simulation. These frequencies
ranged from 0.007 to 0.080 radians/second and the scaled magnitudes varied from 18 to 2.6 MW.
This variation was added to a constant value to give the final simulated wind power output and is
compared to an “offer” or target output value. The difference between the offer and the output is

26
then used as the input for the simulated load for the PHS plant. An example of this with a full
hour of underproduction can be seen below.

Figure 2.13 Operation with wind underproduction

2.11 Regulation

To simulate a unit that operates independently in the market, a regulation signal was
required. A PJM regulation signal from the day of March 1st 2012 was obtained, and split into 24
separate hours. The data needed to be split into individual hours because the VisSim model was
incapable of running a full day’s worth of data at once. This problem was resolved by setting up
the system so that it automatically restarts a new simulation upon the completion of another. A
run counter was used in conjunction with a case block to run all 24 hours sequentially. The
regulation data from PJM had a resolution of 4 seconds. To make the system more realistic, this
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was filtered through a first order Bessel filter with a frequency cutoff of 1 rad/s. The filtered and
unfiltered signals across 100 seconds of regulation can be seen in figure 2.15 below.

Figure 2.14 PJM data smoothing

The filter is able to closely follow the original signal while eliminating the sharp angles
that are present. The signal from PJM ranges from 1 to -1 and represents the percent of the
forecasted peak load during on peak hours, and forecasted valley load during off peak hours. PJM
must commit enough regulation to cover this 1% of peak or valley load to follow Reliability First
Corp. (RFC) requirements [29]. This signal with a maximum magnitude of one can be simply
multiplied by the unit’s offered regulation to get the regulation signal for the simulation.
The regulation data was used in conjunction with PJM market prices for seasonal
simulations. An ‘average month’ was constructed for January 2012, April 2012, July 2012, and
October 2011 to allow for simplified simulations that gave insight into the trends of each
respective season. The hourly DALMP (Daily Locational Marginal Price), RTLMP (Real Time
Locational Marginal Price), and RMCP (Regulation Market Clearing Price) were averaged for
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each hour and compiled to form the average hourly prices throughout one day that represents its
month. This resulted in four months of data where the first hour’s prices were the average of all
the first hours of every day that month, the second hour was the average of the second hour data
throughout the month, and so on. This setup allowed for fewer simulation runs, and therefore a
larger number of results that could reflect each individual season, and when all averaged together,
an entire year.

2.12 Economics

The investigation of how profitable, or not, the modeled unit could be when used in the
real world begins by calculating the ORC (operating reserve charge) and UDS (uninstructed
deviation settlement) of a simulated wind farm with and without the pumped storage plant over
the course of one hour. The ORC was calculated using the equation below.
Equation 2-32

This shows the relationship between the ORC and ORR (operating reserve rate). The
absolute value of the difference in the power production and the offered power production is
integrated across an hour and then multiplied by the ORR to get the ORC. This equation is very
similar to the one used for calculating the UDS seen below.
Equation 2-33

The equation again integrates the difference between the actual power production and the
offered production and multiplies it by the real time locational marginal prince or RT LMP. The
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amount of variability reduced by implementing pumped storage is also calculated in the
simulation. This calculation again involves the integral of the difference of power production and
the offer, but compares the two separate values with or without PHS operation. The equation used
can be seen below.
Equation 2-34

Frequency regulation is an ancillary service in PJM that can easily be provided by hydro
plants during generation. A unique feature of the modeled Pelton wheel in a hydraulic short
circuit is that it can also provide regulation during pumping, as well as regulation about a set
point of zero. Regulation during simulations was calculated using equation 2-35.
Equation 2-35

RMCP (Regulation Market Clearing Price) is set through a bidding process of approved
regulation providers. It is also important to note that a generator providing regulation is
compensated for their availability in the regulation market rather than the specific amount of
regulation provided. This means that if the plant bid 50 MW of regulation they would be
compensated for 50 MW whether or not it was actually called upon for the full 50 MW in steady
state.

When the unit must come away from its scheduled load, it gets compensated for it in the
form of lost opportunity cost (LOC). The lost opportunity cost credits compensate the generator
for the energy they could be producing had it not been called upon to provide regulation. The
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LOC can reach significant values if the RTLMP is high compared to what the DALMP is during
unscheduled hours. LOC credits and LOC are calculated with the following equations.
Equation 2-36

Equation 2-37

ED is defined according to PJM as the average DALMP at the hydro unit bus for the
appropriate on-peak or off-peak period excluding those hours during which all available units at
the hydro plant were operating [18]. Since simulations were done with only one hydro unit the
ED was calculated as the average DALMP when the plant was not scheduled to run in the dayahead market. On-peak hours in PJM are considered to be hours 8 through 23, and off-peak hours
are hours 1 through 7 and hour 24.

2.13 Present Worth
Present worth analysis was completed to identify the investment value of the modeled
plant in each of the three simulated scenarios. Values from the simulation were tripled to reflect
the use of three of the modeled units in a single power plant which more closely reflects the
actual investment costs. The present worth calculation took into consideration three major
cost/revenue sources which included labor expenses, operations and maintenance expenses, and
revenue.
Labor expenses in hydropower plants are fairly low since the plants are automated and
require few employees [21]. Because of this, labor costs were estimated at $1,200,000 in the first
year. Employment costs in the United States have grown at about 2.9% since 2004 according to
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the Bureau of Labor Statistics, so that number was also used for the labor expense inflation for
the present worth [22].
Operation and maintenance costs were attained through a meeting with Voith Hydro. The
costs of operation were $3/MWh and $50 million every 15 years [23]. Also included in this
section was the initial investment cost of $482 million, and recovery income at $200/kW. The
costs and revenue in this section did not take inflation into account.
Revenue of the plant was obtained from the seasonal simulations outlined in section 2.11.
The maximum daily revenue found in each month was averaged with the other months to find the
average daily revenue over the course of a full year, and adjusted to represent the yearly revenue
for the plant. This figure was multiplied by 1.5 to account for one third of the plant’s income
coming from other plants in the grid that will pay a pumped storage unit to adjust their output so
that they can run at higher efficiencies [23]. The plant revenue was also adjusted for inflation of
energy prices at a rate of 1.1% [24].
The three main factors discussed above were then summed together and adjusted for a
corporate tax rate of 35% [25]. Since hydropower is a renewable resource, the plant is able to
receive a renewable energy production tax credit of 1.1 ¢/kWh for the first ten years of operation
[26]. This tax credit was added into the formula. Finally, a discount rate of 5% was used to
discount future income to the present value via Equation 2-38.
Equation 2-38
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Chapter 3
Results

3.1 Seasonal Simulations
The seasonal simulations were completed under the assumption that the operators
correctly forecasted when to pump and when to generate throughout the day to maximize profit.
Simulations were done on an hourly basis with constant prices for the DALMP, RT LMP and
RMCP throughout the hour. In figure 3.1 below, an hour of generating at a set point of 100MW
while regulating 50MW is shown, and an hour with a set point of 0MW and regulating 150MW is
shown in figure 3.2, this has been termed zero-band regulation.

Figure 3.1 Generating at 100 MW with 50 MW regulation
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Figure 3.2 150 MW zero-band regulation

Simulation results show that participation in the regulation market can greatly increase
daily revenue. Figure 3.3 compares pumping and generating at a maximum power of 150MW
with pumping, generating at 100MW while contributing 50 MW to the regulation market without
zero-band regulation, and generating at 100MW while contributing 50 MW to the regulation
market with zero-band regulation. Participating in regulation and arbitrage as well as zero band
regulation allowed the unit to gross about $20,000 more regardless of the season. Throughout the
year, arbitrage with zero band regulation earns the unit a gross average of $44,150 per day while
arbitrage alone makes a gross average of $24,009 per day.
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Figure 3.3 Gross daily revenue

July’s high price peaks allow the unit to benefit from higher arbitrage revenues for all
three scenarios. A finer look at the three scenarios during July can be seen in Figure 3.4.

Figure 3.4 July gross daily revenue by generating hours
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Both scenarios without zero band regulation have increasing revenue with increased
generating hours until the price difference between the most expensive pumping hour and the
cheapest generating hour is too small. Arbitrage only (red trace) reaches a maximum at nine hours
of generation with gross revenue of $38,753. Arbitrage with 50 MW of regulation, but without
zero band regulation, is less affected by the decreasing price differences and reaches a maximum
gross revenue of $58,828 at ten hours of generation. Ten hours of generation is the maximum
amount of generation possible in the simulation because fourteen hours of pumping are required
to balance out the reservoirs to have zero net flow. Arbitrage with 50 MW of regulation, and zero
band regulation, behaves differently than the other two scenarios. Implementing zero band causes
the unit to maximize revenue at three hours of generation with a gross of $69130. The gross
revenue stays close to this value until it drops off around six hours of generation. At six hours it is
noticeable that more money is generated from zero band regulation rather than from increased
generating hours.

3.2 Sensitivity Analysis
Sensitivity analysis was performed on the July simulations discussed above. This
involved varying the amount of regulation offered while the plant participated in arbitrage, as
well as testing the results for its sensitivity to varying efficiencies. The July case was the only one
used as it contained the most variation in energy prices throughout the day. For zero band
regulation generating at a set point of 110MW with 40 MW of regulation had a revenue peak of
$67,339 at two hours of generation. Generating at a set point of 100MW with 50 MW of
regulation peaked at $69,353 with three hours of generation. The highest revenue came at a set
point of 90MW and 60MW of regulation where the unit brought in $71,620 at five hours of
generation.
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The original roundtrip efficiency for a set point of 100MW and 50MW of regulation was
calculated to be around 75%, so roundtrip efficiencies of 70%, 73%, 77%, and 80% were tested
for the most profitable scenario involving zero band regulation. The results of this sensitivity
analysis are shown in Table 2 and Figure 3.5.

Figure 3.5 Gross daily revenue in July vs. hours generating for various roundtrip efficiencies

Table 2 Maximum gross daily revenue in July and hours spent generating to earn the maximum

3.3 Present Worth
Present worth was calculated for the same three scenarios used in section 3.1, and
followed the same trends where the scenario that included zero band regulation has the highest
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present worth and the scenario without any regulation the lowest. Results of the analysis are
shown in Figure 3.6 below.

Figure 3.6 Present worth vs. years since initial investment

The most profitable case, with zero band, present worth becomes positive in the eleventh
year, and ends the sixty year period with a present worth of $645 million. In the second most
profitable case, with regulation but without zero band, present worth becomes positive in the 29th
year, and ends the sixty year period with a present worth of $126 million. The least profitable
case, involving no regulation, did not reach a positive present worth in the time period, and ended
with a present worth of -$203 million.
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Chapter 4
Discussion
The model was successful in showing that a Pelton wheel used in a hydraulic short circuit
can achieve very high ramp rates. The limiting factor for ramps rates proved to be the Penstock,
but would be unnecessary. The current ramp rates allow the unit to follow the regulation curve
given by PJM, even when that curve is spread across the entire capacity of the modeled unit. The
largest deviations from the regulation curve occurred at the startup and shutdown of the pumping
process. To better follow the regulation curve improvements should be made to pumping mode
transitions rather than ramp rates.
Seasonal simulations show that participating in regulation with the typical energy
arbitrage increases average daily revenue. Revenue can be increased further when the unit
participates in zero band regulation during hours in which the unit is not operating in arbitrage.
This was true for every month’s simulation as well as all of the sensitivity analysis results.
In Figure 3.4 it can be seen that the revenue for the most profitable case begins to drop if
the unit participates in over six hours of arbitrage generation. This represented the point where it
would be more profitable to operate in zero band regulation as opposed to further arbitrage. This
occurred because the more arbitrage the plant participates in, the lower the difference between the
buying and selling price of energy.
Sensitivity analysis with varying regulation offers reinforced that engaging in more
regulation increases revenues. When the operating set point was dropped by 10 MW and the
regulation offer increased by 10 MW, the unit was able to increase its average gross daily revenue
in July by over $2,000.
Sensitivity analysis showed interesting results when it came to how much the roundtrip
efficiency affected the revenue of the plant. A 10% change in roundtrip efficiency yielded less
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than a 5% change in gross revenue. It is also important to note that the difference in revenue
between 77% and 80% roundtrip efficiency is $1,910 and the difference between 70% and 77% is
only $1,394. This jump in revenue is unexplained, and would likely need further analysis to
determine the efficiency factors that affect revenue.
The present worth analysis shows that operating this type of setup without participating
in regulation is not a good investment. Good news from the visit with Voith Hydro was that this
type of plant is meant to have zero band regulation capabilities. This means that the plant would
be capable of operating in the scenario with the highest revenues and highest present worth.
For future work, further analysis of individual days, as opposed to the average days that
were used, would serve to verify if the average days constructed were good representations of the
month. Alternate pump start up and shutdown procedures should also be analyzed to determine if
there is a procedure that allows the unit to follow the grid operator curve more closely.
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Appendix
Data for Figure 3.3 Gross daily revenue
Month

Oct 2011

Jan 2012

Apr 2012

Zero-band
No Regulation
No Zero-band

37194.17 34625.27 35638.69
4405.55 3251.90 3534.69
15837.13 11655.52 15205.58

July 2012

Average

69143.86 44150.50
38747.30 12484.86
53339.59 24009.46

Data for Figure 3.4 July gross daily revenue with hours generating, maximums are in bold

0

Pump/Generate 100 MW
with 50 MW regulation,
also regulate 150 MW in
off hours
61939

0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5
10

62792
64490
64739
69086
67620
69130
67287
68855
68059
68581
68426
68809
67188
66576
65772
64695
62446
61341
60523
58868

Hours
Generating

Pump/Generate at
150MW only

Pump/Generate at 100
MW with 50 MW
regulation

0

0

4095
8168
11711
15267
18565
21746
24574
27433
29511
31522
33114
34656
35796
36797
37491
38107
38444
38741
38753
38588

5209
9452
14037
17683
22177
25036
30569
33482
37067
39665
42766
44311
47675
49406
50915
52348
55211
55409
57379
58828

41

Data for Figure 3.6 Present worth and years since initial investment
Present Worth

Year

Pump and Generate at
100MW with 50MW of
regulation, and zeroband regulation in off
hours

Arbitrage Only

Pump and generate at
100 MW with 50 MW
regulation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

-387.9E+6
-340.9E+6
-295.4E+6
-251.5E+6
-208.9E+6
-167.8E+6
-128.0E+6
-89.5E+6
-52.3E+6
-16.2E+6
13.8E+6
42.8E+6
70.7E+6
97.6E+6
107.8E+6
132.7E+6
156.7E+6
179.8E+6
202.1E+6
223.5E+6
244.1E+6
264.0E+6
283.1E+6
301.5E+6
319.2E+6
336.3E+6
352.7E+6
368.6E+6
383.8E+6
391.0E+6

-440.5E+6
-422.6E+6
-404.9E+6
-387.4E+6
-370.1E+6
-352.9E+6
-335.8E+6
-318.9E+6
-302.2E+6
-285.5E+6
-281.1E+6
-276.9E+6
-272.7E+6
-268.7E+6
-280.4E+6
-276.6E+6
-273.0E+6
-269.5E+6
-266.0E+6
-262.7E+6
-259.5E+6
-256.4E+6
-253.4E+6
-250.5E+6
-247.7E+6
-245.0E+6
-242.3E+6
-239.8E+6
-237.3E+6
-242.5E+6

-420.1E+6
-390.9E+6
-362.4E+6
-334.6E+6
-307.4E+6
-280.9E+6
-255.0E+6
-229.7E+6
-204.9E+6
-180.8E+6
-166.4E+6
-152.6E+6
-139.2E+6
-126.4E+6
-129.6E+6
-117.6E+6
-106.1E+6
-95.0E+6
-84.3E+6
-74.0E+6
-64.0E+6
-54.4E+6
-45.2E+6
-36.3E+6
-27.7E+6
-19.4E+6
-11.5E+6
-3.8E+6
3.6E+6
3.2E+6
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

405.1E+6
418.7E+6
431.8E+6
444.4E+6
456.5E+6
468.2E+6
479.4E+6
490.3E+6
500.7E+6
510.7E+6
520.4E+6
529.7E+6
538.6E+6
547.2E+6
551.9E+6
559.9E+6
567.6E+6
575.0E+6
582.1E+6
589.0E+6
595.5E+6
601.9E+6
608.0E+6
613.9E+6
619.5E+6
625.0E+6
630.2E+6
635.3E+6
640.1E+6
644.9E+6

-240.2E+6
-238.0E+6
-235.8E+6
-233.8E+6
-231.8E+6
-229.9E+6
-228.0E+6
-226.2E+6
-224.5E+6
-222.8E+6
-221.2E+6
-219.6E+6
-218.1E+6
-216.7E+6
-218.9E+6
-217.5E+6
-216.2E+6
-215.0E+6
-213.8E+6
-212.6E+6
-211.5E+6
-210.4E+6
-209.3E+6
-208.3E+6
-207.4E+6
-206.4E+6
-205.5E+6
-204.7E+6
-203.8E+6
-202.7E+6

10.1E+6
16.7E+6
23.1E+6
29.3E+6
35.2E+6
40.9E+6
46.4E+6
51.7E+6
56.8E+6
61.7E+6
66.4E+6
71.0E+6
75.4E+6
79.6E+6
80.0E+6
84.0E+6
87.7E+6
91.4E+6
94.9E+6
98.2E+6
101.5E+6
104.6E+6
107.6E+6
110.5E+6
113.3E+6
116.0E+6
118.5E+6
121.0E+6
123.4E+6
125.7E+6
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