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Abstract
This document presents a comparative analysis between the use of a Grundfos CRE 15-3 variable

speed centrifugal pump and a Worthington D-824 constant speed centrifugal pump in a steam
power plant application. This was performed since, in many applications that require pumping
systems, the pumps account for the majority of the energy expenses; and it is believed that, by
using variable speed pumps in such applications, the pumps could help increase savings with

regard to energy costs.

In the steam power plant located at The University of Kansas, these two pumps must supply water
to a deaerator tank and to a heat exchanger, where the deaerator tank is the tank that provides water
to the boilers inside the power plant. The heat exchanger is only used to capture the steam that is
unused by the plant, turning such steam into water that can be reused to again supply water to the
deaerator tank. The Grundfos CRE 15-3 has the ability to run in discharge pressure mode as well
as level control mode, while the Worthington D-824 is only able to run in discharge pressure
mode. With that in mind, data concerning the discharge pressure, flow rate and power consumption
was collected when either the Grundfos CRE 15-3 variable speed pump or the Worthington D-824
supplied water to the system. A total of four different cases were considered when gathering this
data: (1) Both pumps ran in discharge pressure mode while supplying water to the deaerator tank
and the heat exchanger; (2) Both pumps ran in discharge pressure mode, but for part of the day
they supplied water only to the deaerator tank, and, for the other part of the day, they supplied
water to both the heat exchanger and the deaerator tank; (3) The Grundfos CRE 15-3 ran in level
control mode only supplying water to the deaerator tank, while the Worthington D-824 ran in
discharge pressure mode only supplying water to the deaerator tank; (4) The Grundfos CRE 15-3
ran in level control mode only supplying water to the deaerator tank, while the Worthington D-824

ran in discharge pressure mode supplying water to both the deaerator tank and the heat exchanger.

The gathered data was then compared to the theoretical pump data from their respective pump
curves. A life cycle cost analysis was performed, using the BLLC5 software provided by the
Department of Energy, to see if the variable speed pump would indeed provide energy savings to
the power plant as well as have a lower total life cycle cost as compared to the constant speed

pump. As this document will show, energy savings can be obtained when running the Grundfos



CRE 15-3 in level control mode, even though the total life cycle costs of both pumps are still fairly

similar.

For Case 1 the Worthington D-824 pump had a total life cycle cost that was 3.14% lower than the
CRE 15-3 pumps; and both pump systems have almost identical energy consumption. When the
heat exchanger valve is open in Case 2, the Worthington D-824 pump’s life cycle cost is 4.56%
lower than the one that of the CRE 15-3 pumps. When the heat exchanger valve is closed, the total
life cycle cost of both pump systems are almost identical (0.006% difference). For Case 3, the CRE
15-3 pumps’ average energy costs are 68.8% lower than the costs of the Worthington D-824 pump.
Even though there is a large difference in energy costs, the CRE 15-3 pumps’ total life cycle cost is
only 7.89% lower than the total life cycle cost of the Worthington D-824. Finally, a direct
percentage comparison cannot be given for Case 4 due to the different jobs that the two pump
systems were doing while operating. However, as will be shown in this document, reasonable
estimates were made in an attempt to compare these pump systems for the scenario presented in
Case 4.
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Chapter 1: Introduction and Scope of Work

1.1 Constant Speed Pumps
In the world today, pumping systems account for almost 20% of the world’s electrical energy

demand as well as 25% to 50% of the energy being used in certain municipal applications [1].
Also, many of these systems are operating at rates much lower than optimal efficiency, which
gives plenty of room for energy savings [1]. According to Budris [2], in industrial plants,
depending upon the motor size and the percentage of operating time, pumps can have energy
costs ranging from US$10,000 up to US$100,000 annually.

ANNUAL ENERGY COST (@ $.05/kW-hr)
$100,000 . -
$90,000 {1000 hp | /1 1/ | L[500hp]
< 80,000 Y| 1/ //‘ P A
8 $70000 1 [750hp .x..ﬁ/\ v - N1
> $60,000 /’ Y // P
g $50,000 L [ 100 hpf
& $40,000 “ <1 {50 hp kg N
T $30,000 4 o N =
3 , - P 125 hp v
£ $20000 / = PN -
$10,000 AT =TT L e
$O | | |t
0% 20% 40% 60% 80% 100%
% Operating Time

Figure 1: Annual Pump Energy Costs [1].

Most pump systems running today have significant operational costs because they use constant
speed centrifugal pumps. According to Minett [3], about 80% of the pumps in the world still are
constant speed units. Constant speed centrifugal pumps, in certain applications, can be extremely
expensive to run for many reasons. One reason is the fact that, in most applications, the motor is
always running at its maximum speed, not allowing it to reduce its power consumption level
during its operation. Also, as a protection for low flow demand, i.e., deadheading, for these
constant speed centrifugal pumps, it is necessary to include recirculation pipelines routed to
either an upstream reservoir or back to the suction intake of the pump. This approach is also

costly due to the amount of extra piping that is needed in order to run the system [4].



Another expense that exists while working with constant speed pumps is that of control valves
that are necessary to control the flow of liquid being provided to the system. The control valves
are normally installed on the discharge line in order to control the amount of liquid that should
be delivered to meet the needs of the process, since, most of the time, constant speed pumps
without a control valve provide a flow higher than what the system being supplied with liquid
normally requires [5]. Figure 2 shows how a constant speed pump running at 3,450 rpm has its

flow affected when a control valve varies the system’s friction head:

>> Flow regulation with a conirol valve

160

System curve for 75%
open control vave

120+

Systam curve for 100%

80 open control valve

Head, 1L

|
.

| | Pump curve

- : : 3450 rpm
: I
' )

0 i 1
1
0 S0 100 150 20 20
Flow, gpm

Figure 2: Flow regulation with a control valve [5].

The valve then provides a pressure drop in the system that is equivalent to the difference between
the pressure supplied by the constant speed centrifugal pump and the pressure required by the
process. This method causes the apparent system curve to be steeper; however, it still crosses the
pump curve at the required operating point of the process. This valve pressure drop causes a
major loss in pumping energy as well as a lower pump efficiency. Therefore, pumps have to
work in a less efficient region once the system is throttled by a control valve, moving from its
natural state, e.g., 80% efficiency, to its throttled and less efficient state, e.g., 72% efficiency,

once the valve is installed in the system, as shown in Fig. 3 [6].



operating
point Matural

Operating point
&

Pump curve

O Pressure

Head

Head or pressure
i

Flow Flow

Figure 3: Control valve throttling and pump efficiency [6].

Control valve throttling is necessary because the valve must reduce the flow of the liquid based
on the system’s liquid requirement since the pump is providing a greater flow based on its
constant speed. Even though the constant speed pump is running at a less efficient state, Pelikan
[7] points out that, in very large conventional systems, the pump also has a reduction in
horsepower when the flow is decreased by a control valve, hence, requiring less energy to run it.
However, even though these energy savings are appreciable, they are not as high as what
variable speed pumps could provide. Therefore, this shows how a constant speed pump can be
wasteful due to the necessity of having a control valve, since the equipment necessary to manage

these control valves can also be seen as another aspect that has increased power expenditure.

In order for the control valve to respond to the flow requirements of the system, the installation
of a level sensor is required. Normally a standing pipe is installed next to the liquid reservoir,
e.g., a deaerator tank in a steam power plant, which would have the same liquid height as the
reservoir. In this standing pipe, a float level device is installed and connected to an air
compressor. Based on where the float is, this air compressor will either increase or decrease the
amount of air being supplied, i.e., the higher the level of the liquid, the more air will be supplied
by the compressor. This pneumatic control changes the control valve, regulating the flow of
water into the reservoir, where the higher pressure and air supplied by the compressor will cause
the valve to close more. For this reason, the air compressor always has to be on, spending more
energy to control the flow of liquid in the system as well as higher costs to acquire additional
materials such as air supply lines, flanges, reducers and isolation valves to properly integrate the

air compressor and the control valve [6].



Also in most systems, both a control valve and recirculation lines are necessary. Recirculation
lines are needed for two reasons: (i) to maintain some flow through the pump and to avoid dead-
heading on the flattest part of the pump curve, (ii) to allow the excess flow of liquid provided by
the constant speed pump to go back to its storage tanks when the system demand is low. Again,
this can be a very costly method due to the energy lost from the pressure drop created by the
control valve and the flow being recycled. It is also known that, due to the amount of equipment
necessary to run the control valves, the risk of mechanical issues is increased, and these devices

have a record of being in the maintenance shop more than any other control device [6].

Because of the costs and losses that exist in running constant speed centrifugal pump systems,
more effective ways are needed to keep pumping systems running with the lowest expenses and
losses possible while maintaining reliability. For this reason, the implementation of variable
speed pumps in certain applications can be advantageous as compared to constant speed
centrifugal pumps [8, 15]. This document will explore that comparison in a steam power plant

application.



1.2 Variable Speed Pumps
When discussing pump systems and their respective costs, the entire pumping system, which

includes the piping, fittings and valves, must be taken in consideration. Also, it must not be
forgotten that the way the pumps are operated can highly impact the overall energy consumption.
There are several ways that pumps can be operated, such as using single or multiple pumps so
that they can be run in parallel or in series in order to improve the efficiency of the system.
However, in order to minimize power consumption, the pumps should run at their most energy
effective flow rates and pressures. Since this project is focused on comparing variable speed
pumps with constant speed pumps, Pump Energy Effectiveness (GPM/kW) could be considered

as a useful method to compare such pumps in specific systems [8].

Variable speed pumps have their highest energy effectiveness at lower flow rates and over a
range of flow rates, but not at their maximum flow rates [5]. Constant speed pumps, on the other
hand, have their highest energy effectiveness at their maximum flow rates [8]. This shows that
variable speed pumps can be more advantageous in cases where lower liquid flows are required,
i.e., have them installed in a small irrigation system rather than in a city water plant. An
important factor to consider is that the flow rate at which the pump operates in its performance
curve depends on the location at which the pump head-capacity curve and the system curve
intersect, termed the system operating point (Fig. 4). The pump head capacity curve relates the
pump’s flow, head, and speed, while the system curve relates the head and flow through all
elements in the path of the fluid flow excluding the pump. The elements that determine this
curve are the static head, i.e., the difference in head across the system when the flow is zero,
including pressure and hydrostatic head; and the friction head, i.e., the losses in pipes, valves,

expansions, contractions, elbows, and couples — any component through which fluid flows [5].
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Figure 4: System curve, showing pump curve, system head capacity curve and operating point. “Head” is related to
pressure and “Capacity” is related to flow rate [6].

Because the total head loss is due to total static head as well as friction and minor losses in the
system, in order to compensate for such losses, many plants waste power by over-sizing constant
speed pumps, resulting in excessive margins in both capacity and total head [8]. Of course, some
margin should be included in order to compensate for wear and slight system demand changes,
which will eventually reduce the effective pump capacity. However, it is not wise to invest too
much in over-sizing pumps since that will increase costs in the long run. The pump systems
should also be thoroughly assessed so that the true system requirements are determined [9]. In
certain systems where multiple pumps are in operation, the operating pressures, as well as flow
rates of the pumps, can be set higher than needed. Furthermore, one or more of the pumps could
be turned off while not compromising the process when the demand is low [9].

When using variable speed pumps, the system curve is fixed, but the pump curve shifts based on
the pump’s speed, as shown in Fig. 5 [5]. The acronym VSD (Variable Speed Drive) in Fig. 5 is
one of the ways that variable speed pumps are referred to in the field. The VSD is the controller

inside the pump that allows it to have variable rotational speeds.
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Figure 5: Flow regulation using variable speed pumps [5].

It is important to note that, for the specific example in Fig. 5, only pump speeds greater than
2,370 rpm will provide flow through the system. So it is important to choose the size of a
variable speed pump based on the minimum and maximum flow rates over which the system will
operate, thus guaranteeing that the pumps will meet the full range of flows required by the

system.

By using variable speed pumps as a method of supplying the necessary flow for a given system,
due to their controllers, less equipment, e.g., control valves, may be needed as compared to those
for constant speed centrifugal pumps. The system will still require a level sensor that is
continuously transmitting information to the pump; however, the use of control valves and
recirculation lines will no longer be needed. This is because the variable frequency drive pumps,
which will have reservoir liquid level information, will only supply the necessary flow to
maintain the desired reservoir level. That can eventually result in energy savings since the pumps
will not be running at maximum speed at all times as do the constant speed pumps, potentially
reducing the overall loss of energy which would be used by the constant speed pumps. Also, not
having a control valve to manage the flow of liquid being supplied could yield significant
savings since the expenses of some pieces of equipment and the energy needed to run the control

valve will no longer be incurred [4].



A study performed in Germany by Hellmann [10] at a seawater desalination plant showed great
energy savings using variable speed pumps as compared to constant speed pumps which use
control valve throttling. According to Hellmann, variable speed pumps offered advantages for
that application such as fully automatic start up and shut down; but most importantly, reduced
energy consumption. This was achieved because the variable speed pumps operated at their
optimal point, i.e., desired discharge pressure and flow rate, without having throttling losses in
pressure and flow control valves that come with constant speed pumps. Also, the control valves
not only produced pressure and flow loses in the system, but they also caused the plant to have
higher power consumption (5870 kW for constant speed pumps versus 5325 kW used by the
variable speed pumps). As a result, by being able to get rid of the control valve throttling loses
when using variable speed pumps, this desalination plant was able to save approximately

US$261,600 per year in electricity costs (at six cents per kilowatt hour) [10].

In Italy, research was performed on two on-demand irrigation systems that were served by an
upstream pumping system. The focus of this research was to analyze possible energy savings
when using variable speed pumps to serve these irrigation systems instead of the existing
constant speed pumps. According to Lamaddalena and Kila [11], the irrigation system (i.e.,
pumping station as well as the irrigation network) was designed to meet the peak irrigation
demand which varied often during the irrigation season; and peak demand was normally limited
to only a few days. For this reason, the existing pumping station, which used constant speed
pumps, was oversized during most of the irrigation season. This meant that, during the off-peak
periods, the constant speed pumps provided a much higher pressure head than the irrigation
system required, while the flow was regulated by the use of control valves. Also, the energy
consumption of these pumps dominated the total life cost of the system, reaching almost 90% of
the total life cost. Taking all of this into consideration, installing variable speed pumps, and by
adapting the characteristic curves of these pumps to the characteristic curves of the irrigation
network, this research showed that they were able to have energy savings of 27% in one
irrigation system and 35% in the second system, as compared to the energy usage of the constant
speed pumps previously used by both on-demand irrigation systems [11]. Therefore, this
research was able to show another application in which variable speed pumps were a better
choice as compared to constant speed pumps due to the low flow and low pressure normally

needed by the system.



In Queens, New York, the state’s Department of Environmental Conservation (DEC) had
mandated in 2010 that the Astoria Generating Co. replace its constant speed pumps with variable
speed pumps on three of the operating units. However, the company was mandated to do that,
not because of energy saving reasons, but for environmental reasons. That was because a great
flow of water from the East River in Astoria passed through the plant annually in order to cool it
down, and the DEC wanted that flow to be decreased in order to reduce “impingement and
entrainment of aquatic organisms and minimize environmental impacts” [12]. This just shows an
example in which energy savings was not a priority when choosing to implement variable speed
pumps. As a result of this mandated modification, a reduction in the flow of water going through
the Astoria power plant by using variable speed pumps was achieved, allowing the company to

dramatically decrease the environmental impact previously caused by constant speed pumps.

Even though several studies have shown that the use of variable speed pumps can be the best
method to save energy in pumping systems, some research has shown no significant energy
savings when using variable speed pumps. In Hong Kong, experiments were conducted using a
simulated virtual environment, i.e., a computational model, which represented a super high-rise
complex building central air-conditioning system being constructed in the city. The simulation
used: (i) constant speed pumps (in addition to control valves and recirculating pipelines) for the
chillers and heat exchangers in two sections of the building and (ii) variable speed pumps to
distribute water to terminal units in two other sections of the building. The speeds of the variable
speed pumps providing water to the terminal units were controlled in such a way that a fixed
differential pressure was maintained between the chilled water supply and return pipelines and at
the critical points. However, according to Ma and Wang [13], this strategy was not optimal since
power consumption was not affected significantly. This was due to the fact that the chosen fixed
differential pressure affects the total number of operating pumps, i.e., more pumps were required
to operate in order to maintain the fixed differential pressure, which then affected the power

consumption of the system.

Because of this, Ma and Wang conducted simulations involving variable speed pumps using: (a)
fixed differential pressures as well as (b) optimal differential pressures in which the latter
introduced a pressure optimizer into the pump system. When analyzing the fixed differential

pressure strategy to maintain a constant pressure with a changing flow, a partially closed control



valve had to be introduced in order to increase flow resistance so that the desired pressure could
be maintained. This caused an increase in wasted energy at medium-load and low-load
conditions resulting in power consumption not being reduced significantly in comparison with

the results obtained using constant speed pumps.

In the strategy considering optimal differential pressures, it was shown that the differential
pressure could be lowered as the load was reduced, which minimized the flow resistance in the
system, eventually reducing the power consumption of the variable speed pumps. It was
concluded that the energy savings predicted using the optimal differential pressure strategy was
relatively small (1% to 5% difference in power consumed) as compared to the results predicted
using a constant speed pump system. It was also concluded that, for this application, the only
way that substantial energy savings would exist, would be to implement a third strategy: (c)
optimal pump speed control with optimal pump sequence control (i.e., creating a control system
that would allow the pumps in parallel to switch on and off automatically based on the pumping
needs in order to supply the desired pressure to the system). It was shown that when
implementing this strategy, the building could have energy savings of 12% to 32% (depending
on the time of year) as compared to the constant speed pumps approach. Excluding this third
strategy, the use of constant speed pumps (in addition to control valves and recycling pipelines)
would meet the pressure and flow requirements of the system with a power consumption similar

(within 1% to 5% difference) to that of variable speed pumps [13].

The company Cycle Stop Valves, Inc. affirms that, when you compare variable speed pumps to
constant speed pumps that are correctly sized for a specific application, the variable speed pumps
will actually burn/waste energy. If that is not enough, variable speed pumps can cause many
negative side effects on the system as compared to standard constant speed pumps [14]. An
example was provided by Austin [14]. A specific system required 1200 GPM (gallons per
minute) for the first 12 hours of the day and 100 GPM for the next 12 hours of the day (both
having the same 231 feet of head) at 10 cents per kWh. When running the constant speed pumps
for the first 12 hours, i.e., 1200 GPM and 231 feet of head, the pumps used 100 HP in
comparison to a usage of 103 HP when running the same scenario with variable speed pumps.
This extra 3% to 5% of power was due to energy use by the pump’s drive, i.e., the computer, and

loss of efficiency for having the motor run on pulsing DC voltage [14].
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For the next 12 hour shift (100 GPM and 231 feet of head), the constant speed pump with the use
of a control valve used 42 HP, while the variable speed pump used 38 HP by decreasing its speed
from 3550 to 3280 RPM. However, by taking in consideration the 3% of extra energy consumed
by the variable speed pumps’ computer, this increased the power required to about 39.14 HP.
Therefore, according to Austin, “at 100 GPM using 38 HP, the variable speed drive is burning
about 4.56 times more energy per gallon of fluid moved than when the pump is running at
constant speed at 1200 GPM”. Finally, he acknowledged the fact that pump control valves will
also waste energy in a system; but the difference between the wasted energy of control valves
running at the best efficiency point to the energy wasted by the variable speed drive was
minimal, i.e., US$29.69 in energy wasted by variable speed pumps as compared to US$30.18 in

energy wasted when using constant speed pumps [14].

Austin also pointed out that variable speed pumps can provide the system with pulsing DC
voltage, EDM currents, critical speed vibrations and radio frequency interference. These issues
could cause the early destruction of the pumping system, requiring early technical assistance for
repairs [14]. Therefore, if one is able to choose the correct constant speed sizes and control
valves for the specific application, one can actually be saving money as compared to the

installation of variable speed pumps in certain situations.

Many buildings are not able to replace the constant speed/volume pumps by variable speed
pumps because of a schedule or a budget constraint, since variable speed pumps can have a very
high initial cost. This was the case of a hospital in Rochester, New York that wanted to replace
the HVAC centrifugal chiller that was originally installed in 1977. The two centrifugal chillers
were replaced in 2002; however, due to budget constraints, the existing constant speed pumping

system was not replaced [15].

This pumping system consisted of: (i) two identical 40 HP chilled water pumps, which were
base-mounted end-suction pumps rated for 960 GPM at 84 feet of head; (ii) two identical 60 HP
condenser-water pumps, with a vertical split-case centrifugal pump rated for 1,300 GPM at 120
feet of head. These two condenser pumps were constant volume, and one pump operated at a
time. In this system, both of the chilled water pumps would run whenever a chiller operated, and
one condenser water pump worked continuously. A variable speed drive was installed on one of

the centrifugal chillers so that, when that chiller was fully loaded for a period of time, the load
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could gradually be shifted to the second chiller causing them to operate at part load with the
variable speed drive. By retrofitting the chillers with the new technology of variable speed
drives, the hospital was able to save 491,671 kWh in annual energy consumption, i.e., $58,873 in
annual energy savings [15]. Therefore, this study showed that, by keeping the constant speed
pumps (due to budget constraints) in the HVAC system of the hospital and just retrofitting the
centrifugal chillers with variable speed drives to distribute the load among the chillers, the

hospital was still able to have major energy savings after the replacements.

Finally, the Affinity Laws [16] describe what happens when the speed of centrifugal pumps
change (refer to Appendix A for a list of the Affinity Laws). Since the second Affinity Law
states that the pressure drop is proportional to the square of the flow speed, this implies that one
should only consider using variable speed pumps in systems that have loads constantly varying
from a low pressure, low flow operating points to high pressure, high flow operating points.
Therefore, situations in which variable speed pumps should not be used include when a system
requires most of the pressure and flow that the pump can produce most of the time. Also,
variable speed pumps use computers; so installing them in places with very high ambient
temperatures can be costly, since the installation of AC cooling systems might be necessary in

order to maintain the ambient temperature within a computer’s working temperature range [16].
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1.3 Life Cycle Cost Analysis
Whenever dealing with new projects, one could be faced with multiple cost-effective alternatives

to choose from. So that the different alternatives can be easily compared for the most cost-
effective solution to be chosen, a life cycle cost analysis approach is commonly used. The life
cycle cost (LCC) can be defined as “the total cost of ownership of machinery and equipment,
including its cost of acquisition, operation, maintenance, conversion and/or decommission” [18].
For many new projects, procurement costs, i.e., equipment cost, may be the only costs used to
select systems and equipment when checking the length of the payback period; but this approach
considers a relatively small part of the total life system cost. For this reason, life cycle cost
analysis is important to demonstrate whether or not savings will also exist in the operational
costs in order to justify the investment costs. In most cases, life cycle cost analysis is used as a
tool to compare the costs of different approaches so that the lowest cost and most feasible

approach can be selected for the completion of a project [18].

There are multiple methods for performing an extensive life cycle cost analysis, varying from
building spreadsheets from “scratch”, e.g., Microsoft Excel, to software that has been developed
to assist users with the input of the variables existing in the project [19]. The United States
Department of Energy (DOE) provides a piece of software called, Building Life Cycle Cost [20],
which gives computational support for the analysis of capital investments in buildings. DOE’s
BLCC software will be used as the primary tool to construct the life cycle cost analysis for the

project at hand.

The study period used in life cycle cost analysis can range from twenty to forty years, depending
upon the project to which it is being applied (e.g., for pumps’ life cycle costs, a study period of
twenty years is commonly used). Since LCC deals with lengthy study periods, when performing
these calculations, present value, future value and inflation must all be taken into consideration.
The software provided by the DOE already takes all of these values into consideration once the
user inputs the project’s costs into the software; and DOE updates the inflation and escalation
rates used by the software at the beginning of every fiscal year (October 1% so that present and

future values are calculated accurately [20].

Since pumping systems account for about 20% of the world’s energy used by electric motors [6]
and between 25% and 50% of energy usage in certain industrial facilities [6], it is very important
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to perform a life cycle cost analysis in order to be sure that the most cost efficient pumps are
being used in a given application [6]. The life cycle pump costs must include the total life-time
costs to purchase, install, operate, maintain (taking account of any associated downtime, as well
as support equipment, environmental costs due to contamination from pumped liquid), and
decommission the equipment [22]. With that taken into consideration, Eq. (1) can used to

calculate the life cycle cost for pumping systems, together with all of its elements [20].
Elements of the Life Cycle Cost Equation:

LCC = Cic + Cin + Ce + Co + Cm + Cs + Cenv + Ca (1)

The nomenclature defines all terms in Eq. (1), ranging from initial costs to decommissioning
costs. In a specific application, not every single element might be used or needed. However, to
start a LCC calculation for pumping systems, all of the above elements should be taken into
consideration. Once all costs discussed previously are determined for all desired pumping system
alternatives, the inputs can be used in the U.S. Department of Energy’s life cycle cost software
(BLCC or any other analysis software preferred by the user). By doing this, the future values
(i.e., costs for the years to come in the life of the system) can be calculated using the correct
inflation and price escalation percentages (as determined by the U.S. government) and converted
into present value costs for easier comparison of the costs from each alternative. Once the LCC
values are obtained, the project manager can then determine which would be the most cost
effective alternative to select for a given project [20].

Therefore, in order to determine whether constant speed pumps or variable speed pumps are the
best option when discussing cost effectiveness for the project at hand, an approach similar to that

of Eq. (1) will be used so that the best option can be selected.
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1.4 Scope of Work
In this work, two “BoosterpaQ® Hydro MPC CRE 15-3” variable speed pumps (refer to

Appendix B.2 for pump curves and specifications) provided by Grundfos Pumps Corporation
were installed in the steam power plant building located on the University of Kansas Lawrence

campus. The pumps are shown in Fig. 6.

Figure 6: BoosterpaQ® CRE 15-3 Variable Speed Pumps.

These pumps were installed in order to be compared to already existing Worthington D-824
constant speed pumps being used in the power plant (refer to Appendix B.1 for pump curves and

specifications) shown in Fig. 7.
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Figure 7: Worthington D-824 Centrifugal Constant Speed Pump.

An ONSET HOBO [27] data acquisition system was used to acquire data for both types of
pumps. The pumps normally are required to provide condensate water for two different areas of
the power plant, and for that reason they are referred to as condensate pumps. The first area is the
boilers’ feedwater deaerator tank #2 located on the basement floor of the power plant where the
condensate pumps are also located. The deaerator tank has three main functions in the power
plant:

() As the name already says, it removes entrained air from the water, often times called
deaerator make-up water, provided by the pumps. It completely removes the
entrained air from the water going into the boilers through the use of perforated metal
trays that mix the water with steam and oxygen scavenger chemicals in order to avoid

corrosion of the boilers;
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(i) Preheats the water through the contact that the water has with the steam, so that boiler
efficiency is increased;

(iii) It stores the “air reduced” water so that the boilers always have a supply of hot
deaerated water to meet the system’s demands [26]. Figure 8 shows a basic schematic
of a tray-type deaerator tank similar to the one used in The University of Kansas’
Power Plant [24].

~Non.Condensables Out

“~Relief Une

/!-015« feedwater

Figure 8: Tray-Type Deaerator Tank [24].

The second area to which water is supplied is a heat exchanger located on the top floor of the
power plant which was installed only a couple of years before the start of this project, i.e., 2011
(see Fig. 9 for a schematic of the power plant). This heat exchanger has two functions: (i) the
steam that escapes from the deaerator tank, instead of just being released into the atmosphere,
goes through it and condenses by interacting with the cooler water provided by the pumps, so
that it can be reused as part of the water that goes into the deaerator tank, avoiding the purchase
of that amount of water from the city; (ii) the interaction of the water with the steam causes the
water to heat up, increasing the efficiency of the plant, since it has to use less energy to heat up
the water located in the storage tanks that will be sent to the deaerator tank and used by the
boilers. Therefore, given the scenario of the application, three test cases were taken into
consideration in order to provide a fair comparison between the variable speed pumps and the
constant speed pump. The fourth case was not considered to be a fair comparison. In that case,
the constant speed pumps were supplying much more water flow to the system than the variable

speed pumps. For this reason, the first three cases are emphasized more than the fourth case.
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Case 1:

The variable speed pumps were configured to work with a constant discharge pressure in order to
mimic the operation of the constant speed pump, supplying water to both the feedwater deaerator
tank as well as to the heat exchanger. In this case, the flow of water required by the power
plant’s demand was still regulated by the control valve when running both the variable speed

pumps and the constant speed pump.
Case 2:

The variable speed pumps were again configured to meet the water demand using a constant
discharge pressure in order to mimic the work of the constant speed pump. However, in this case,
for at least two hours of the day, both the constant speed pump and the variable speed pumps
were each limited to supplying the water just to the feedwater deaerator tank in the basement of
the plant. That is, the valve was closed in the line to the top floor heat exchanger. After having
that data recorded, each pump ran for another hour of that day while supplying water to both the
deaerator tank and the heat exchanger just like in Case 1.

Case 3:

The variable speed pumps provided the necessary flow of water required by the power plant’s
demand based on level control. In this case, the control valve only regulated the flow of water
when the constant speed pump was providing water to the system, and was fully open when the
variable speed pumps were providing the water. In this case, the water supply was available only
to the feedwater deaerator tank located in the basement of the power plant. The reason why water
was just supplied to the tank was to establish an equitable comparison between the variable
speed pumps and the constant speed pump. When the variable speed pumps ran by level control
in the deaerator tank, their discharge pressure was not high enough for the water to reach the heat
exchanger on the first floor. Therefore, since the variable speed pumps could just supply water to
the deaerator tank, due to their low discharge pressure when operating through level control, the

pipelines to the heat exchanger were closed when the constant speed pump was in operation.

18



Case 4:

The pipelines to both the deaerator tank and the heat exchanger were both open in this case so
that both pumps could try to supply water for them. The variable speed pumps were configured
to provide the water to the system based on level control of the deaerator tank, having the control
valve fully open when the variable speed pumps were running. This caused the discharge
pressure of the water to be much lower than when running variable speed pumps under discharge
pressure mode, resulting in the pipeline pressure being too low to force the water to reach the
heat exchanger on the first floor. In that case, the excess steam provided to the deaerator tank
that would normally go into the heat exchanger, was released straight into the atmosphere in
order for it not to overheat the heat exchanger, i.e., no water was being sent to the heat exchanger

to cool it down as well as to condense the steam.

On the other hand, when the constant speed pump was running, since its discharge pressure was
much higher than that of the variable speed pumps, and the control valve was controlling the
water flow into the deaerator tank, the pump was able to supply water to both parts of the system.
However, as mentioned before, this case is not a fair comparison between the two types of
pumps, since the variable speed pumps were just supplying water to one part of the system due to
their low discharge pressure, triggering the loss of steam into the atmosphere that could be
reused. On the other hand, the constant speed pump was providing a much higher flow to supply
water to both parts of the system, i.e., the heat exchanger and the deaerator tank, causing the
steam that was previously wasted by the variable speed pumps to be saved and reused in this
case. The reason that case 4 exists and data was gathered for it, was the fact that the realization
that the variable speed pumps did not supply water to the heat exchanger when running in level
control mode was only noticed after ten days of data gathering following this procedure.
Therefore, the power consumption of the pumps cannot be compared directly since the pumps
were doing two different jobs, since the Grundfos CRE 15-3 pumps just supplied water to the
deaerator tank while the Worthington D-824 pump provided water to both the deaerator tank and
the heat exchanger. However, based on patterns of power consumption drops from the recordings
obtained for Case 2 for the times when the heat exchanger valve was open [as compared to the
recordings for the times it was closed] estimates for Case 4 will be performed in order to try to

fairly compare the two pumping systems for this Case.
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Life Cycle Cost Analysis:

The research and data gathering in this document made for all four cases outlined previously
were used in the life cycle cost analysis (LCCA) performed for each scenario using the software
provided by the U.S. DOE called Building Life Cycle Cost 5 (BLCC5) [23]. The software uses
an equation similar to Eq. (1), labeled as Eqg. (2), which is the primary equation used to
determine/calculate the life cycle cost for each pump in every case, since it adds all of the
possible costs that the plant would have with regard to the pumps from their purchase all the way
to their disposal.

LCC =1 + Repl — Res + E + W + OM&R (2)

The nomenclature defines all terms in Eqg. (2), ranging from initial costs to operation,
maintenance and repair costs. The software (BLCC) automatically takes into consideration
present and future values as well as inflation, annual rate of increase and discount rates. The
current inflation and discount rates are inserted into the software at the beginning of each federal
fiscal year for the upcoming year instead of using the same rates each year. The equations
showing how present values are calculated for each cost included in the software will be

discussed later in this document in Section 2.5.

The project at hand uses what is termed a FEMP Analysis Energy Project, which is a life cycle
cost analysis for energy and water conservation and renewable energy projects that follow the
Federal Energy Management Program rules, based on 10 CFR 436 [23]. According to the U.S.
DOE, this kind of analysis is to be followed primarily with regard to federally owned or leased
buildings. However, the methodology used in this analysis is simply based on general economic
theory that can be used in the analysis of private buildings as well as any kind of energy and
water conservation project. Also, the FEMP analysis is entirely consistent with ASTM
(American Society for Testing and Materials) standards on building economics [25]. For this
reason, this project used the FEMP methodology for each of the four cases previously mentioned
in order to assess the life cycle costs of the constant and variable speed pumps located in The
University of Kansas’ Power Plant, in order to determine which of the two pumping systems was

the most cost effective for this specific application.
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Figure 9: The University of Kansas Power Plant Schematic [26]. (Red Pump= Worthington D-824; Blue Pump= CRE 15-3; Green lines=
Deaerator water supply; Light blue line= Steam line to heat exchanger; Orange lines= condensate water supplied to heat exchanger and
back to condensate storage tanks;  Purple lines=  Bypass to return water to pumps suction  side.)
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Chapter 2:

2.1 Setup
The steam power plant situated at the campus of the University of Kansas was the location at

which the comparison between a Worthington D-824 constant speed pump and Grundfos
BoosterpaQ® CRE 15-3 variable speed pumps was made. Figure 9 shows a schematic of the

layout of the power plant components [26].

When it was first built, the power plant was used to provide electricity for the University of
Kansas. However, now the power plant’s only function is to produce steam in order to provide
hot water for buildings. The steam is also used to provide the necessary steam that the HVAC
systems in the buildings around the University’s campus need, and also provide heat to the
buildings during the winter time. The power plant’s system is programmed to have the plant
maintain a constant 170 psi of steam pressure in the system. The University’s campus requires a
constant 90 psi of steam pressure for its HVAC systems and hot water. In order to supply that
constant demand of steam pressure to the plant and the campus, the boilers need to produce from
twenty thousand pounds per hour to seventy thousand pounds per hour of steam (depending on
the weather and time of the year) in order to maintain those required steam pressures. Colder
weather and more people on campus cause the demand on the boilers to rise in order to maintain
that constant supply of steam pressure to the campus and to the power plant. This requires that
more water be supplied by the condensate pumps for increased production of steam. Therefore,
the pumps being compared in this thesis have their data taken mostly in cold weather and during
regular University operation hours in order to compare them when they work the hardest so that
the results and LCCAs show values of the system during the highest demand periods in order to

determine which type of pumping system is the best approach for this application.

Including the variable speed pumps, there are a total of five condensate pumps that can provide
water to the deaerator tank. The condensate pump (colored in red on Fig. 9) represents the
instrumented constant speed pump, and the pump colored in blue represents the Grundfos
variable speed pump system that consists of two pumps that work together. The green pipeline
provides water for the deaerator tank. The orange pipeline provides water for the heat exchanger,

i.e., the vent condenser, and sends that water back to the condensate storage tanks. The purple
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pipeline is the water recirculation line which was originally identified [to this researcher] as the
only recirculation line existing in the system. Hence, throughout most of the project, this pipeline
was thought to be the only line that returned excess water back to the pumps and to the storage
tanks. Finally, the light blue pipeline carries the steam from the deaerator tank into the heat
exchanger; and any steam that the heat exchanger cannot condense is released into the
atmosphere through the vent shown. The lines that receive the condensate steam that returns
from the campus (just labeled as “condensate return” to the left of the condensate storage tanks
in the schematic) and the pipelines and pumps previously identified in Fig. 9, are the only pumps
and pipelines that are of importance to the scope of this project, since these represent the
pipelines and devices used when the plant is in normal operation mode. The only line missing in
the schematic is the pipeline that sends the steam, which is not used by the deaerator tank,
directly into the atmosphere without going through the vent condenser (since that does not
happen for the normal mode of operation, but only happens when the variable speed pumps are
running in level control mode or when the valve to the heat exchanger is turned off). That

pipeline follows along the pipe labeled in light blue on the schematic.

On the discharge side of both types of pumps, a Siemens magnetic flow meter 3100 and a
Siemens Sitrans Mag 5000 were installed for measuring the flow rates provided by both pumps
for the system. The Siemens Sitrans Mag 5000 is the controller that is used to send the
information to the data logger. The same types of flow meter and controller were also installed in
the pipeline that is colored purple so that data would be available for how much water was being
recirculated through that line back to the pumps and storage tanks for input to the pumps. It was
initially thought that this was the only return line that the plant used to return the water which
was not utilized by the deaerator tank back to the storage tanks; but this line is only used when

the plant’s demand is very low in order to avoid “deadheading” in the inlet side of the pumps.

The main line that returns water back into the condensate storage tanks is the line labeled in
orange that goes through the heat exchanger, i.e., vent condenser. A Danfoss MBS 3000 pressure
transducer was installed on the outlet side of each pump in order to measure the discharge
pressure of the water provided by the pumps. For the Grundfos variable speed pumps, this
pressure transducer was used as the primary sensor connected to their controller in order to make

sure that the pumps were producing the correct pressure when running the pumps in discharge
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pressure mode. In addition, the sensor was used for data acquisition on the discharge pressure of
the water when running the variable speed pumps in level control mode. The Siemens and
Danfoss sensors are labeled on the schematic in blue as Flow meter and Pressure Transducer,
respectively. So that the water pressure on the suction side of the pumps could be known, a
Danfoss pressure transducer was installed on the inlet side of the variable speed pumps. Since
both the constant speed and variable speed pumps had the same source of water and there was
minimal change in that pressure, the inlet pressure was assumed to be the same for both types of

pumps.

Another Danfoss pressure transducer (MBS 3000) was installed at the inlet to the control valve
located right before the basement floor deaerator tank in order to check the pressure loss in the
pipes from the outlets of the pumps to the inlet of the control valve. A Grundfos Differential
Pressure Sensor (DPI 0-2.5 bar) was installed across the control valve so that the pressure drop
across the valve could be measured (also labeled in blue next to the control valve in the
schematic). Finally, in order to be able to collect data on the power consumption of the constant
speed pump, Veris Power Monitoring H8044-0100-2 current transducers with an accuracy of
+1% of the reading were installed in the power box of the pump. For the variable speed pumps,
their controller automatically recorded the actual power consumption of each pump (accuracy
errors were not provided by Grundfos). Thus, an extra power monitoring sensor was not
required. All sensors provided 4-20 mA outputs, and required 12-24 DC voltage for operation
(with the exception of the Siemens flow meters that were powered by 120 Volt AC power
source). For this reason, two Mastech DC Power Supplies (HY3003D) were purchased. One was
placed next to the pumps in order to power the sensors next to them, and the other was placed
next to the control valve in order to power the remaining sensors. All sensors were wired using
Belden 1120A 16 gage cables and connected to an Onset HOBO data acquisition system using 4-

20 mA cables following the current loop wiring diagram shown in Fig. 10 [27].
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Figure 10: 4-20 mA Transducer Wiring Diagram [27].

The SureSite visual indicator and level transmitter were purchased from Gems Sensors &
Controls. The transmitter was powered using one of the Mastech 30 volt DC power supplies; and
its 4-20 mA output was connected directly into one of the analog inputs of the controller of the
Grundfos variable speed pumps using Belden 1120A 16 gage cables. For detailed specifications
and pictures of all of the sensors, data loggers, power supplies and other equipment, e.g.,

pressure transducers, see Appendix C.

The Onset HOBO data loggers are able to log data from any sensor that has an output of 4-20
mA, and they come with software called Onset HOBOware Pro. In the software, for each sensor
that will be connected to the data logger, the values that will represent 4 mA and 20 mA can be
stipulated, i.e., the minimum and maximum values that the sensors can output. Once these
minimum and maximum values are stipulated, the software will automatically create a linear

scaling for the given range of each sensor.
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2.2 Setup and Project Challenges
Throughout the steps of this project, several challenges and problems were met and addressed.

These will be explained in this document so that future studies can take them in consideration,

saving time and effort, avoiding delays and similar difficulties.

The first difficulty encountered in this project was during the installation of the variable speed
pumps. Normally, when installing a Worthington D-824 constant speed pump, the pipe that is
connected to the header is fixed to the suction side of the pump (horizontal pipe) which is right

next to its discharge side (vertical pipe) as shown in Fig. 11.

4

Figure 11: Worthington D-824 Constant Speed Pump Suction and Discharge Piping Connections

However, when installing the Grundfos variable speed pump system, the suction side (right side
of the pumps) requires its own horizontal pipe as does the discharge side (left side of the pumps)
[which is across from both pumps in the system] before it can be connected to the vertical pipes
in the power plant. Figure 12 shows this pump/piping configuration.
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Figure 12: Grundfos Variable Speed Pumps Suction and Discharge Piping Connections

For this reason, the location where the outlet of the header was previously available to connect to
a constant speed pump had to be closed and moved in order to fit the configuration of the
variable speed pumps. This delayed the installation of the pumps for two weeks. This delay
could have been avoided if this different configuration were known and taken in consideration

prior to the purchase and installation of the variable speed pumps.

Once the pumps were installed and functioning, another difficulty encountered was choosing the
type of data acquisition system to use inside the power plant. An Obvius Acquisuite Data
acquisition system had been installed for a previous project at the power plant, and the first plan
was to try to use that system to log the data necessary for the current project. However, the
Acquisuite system used a ModBus communication protocol, which would require several
converters and extra wiring to read the 4-20 mA outputs from all of the sensors used. For this
reason, it was decided to purchase Onset HOBO data loggers U12-006. These data loggers were
less expensive than the converters that would be necessary to convert the 4-20 mA analog
outputs to Modbus protocol. They accepted any sensor that provided an analog 4-20 mA output,
and worked stand alone since they were battery powered. In addition, the interface was more

user friendly than the Acquisuite interface.
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To collect data on the power consumption and discharge pressure of the variable speed pumps,
software called PC Tools, provided by Grundfos, was used. This software was installed on a
Gateway Netbook and used every time data logging was being made from the variable speed
pumps. However, while the Onset data loggers collected data at equal time intervals, e.g., one
data point every minute, the PC Tools E-Products software gathered data as fast as it could at
random time intervals. This meant that the time between two data points could be 1 second at
times or it could be 10 minutes at other times. The software was designed to gather data as fast as
it could from the pumps; i.e., it does not have a setup option to choose different speeds of data
acquisition, but only recording data if there were significant changes in the information chosen to
be recorded. For example, if the power consumption remained the same for 10 minutes and then
changed, one would see a gap of ten minutes between the last two recorded data points of power
consumption. Even though this was not a difficulty encountered in the project, it is important to
mention the basis of these inconsistent data taking intervals, in case future researchers question
these data acquisition intervals.

The next set of difficulties were concerned with problems encountered in certain sensors
installed in the system. A couple of months after the installation of the Veris Power Monitoring
H8044-0100-2 current transducers, it was found that the data loggers for the constant speed
pumps were gathering data that was very different from the data previously recorded for the
power consumption. The transducers were returned to Veris Industries, which confirmed that the
sensors had become faulty. Since they were still under warranty, a new power monitoring system
was provided for the project. This delayed data gathering on the constant speed pumps for almost
four months during the time of finding faulty data, shipping the item, inspecting the faulty sensor
(by the company, Veris Industries) and shipping of the new sensor. This happened in 2012
during the time data was being gathered for Case 1 of this project.

There was a similar occurrence for the Grundfos Differential Pressure Sensor (DPI 0-2.5bar).
Unlike the current transducers, this unit was found to be faulty and not outputting accurate data
as soon as it was installed, being replaced immediately after its installation. At times when
running the variable speed pumps using level control, the new differential pressure transducer
was thought to be broken due to the kind of values it was outputting. However, after contacting

Grundfos representatives, it was found that, since the control valve was fully open, the
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differential pressure across the valve was so close to zero that it caused the sensor to display
small negative and inaccurate values, e.g., -0.0124 bar, which the representatives communicated
to be a normal response the sensor would have at very low differential pressures which were
essentially “zero” values. Section 2.5.2 of this document will provide the accuracy of this sensor

for recording very low differential pressures.

In order to run the Grundfos variable speed pumps in level control mode, it was necessary to
purchase and install a level sensor in the deaerator tank. Since installing a sensor directly in the
tank would involve shutting off the pressurized tank, a different approach had to be found.
Connected to the deaerator tank there existed what is called a standing pipe that has the same
height of water as the tank. The standing pipe had a glass tube attached to it for a visual
indication of the level of water inside the tank. Also, connected to this standing pipe, there were
the high and low water alarms to warn the power plant workers in case either of these two
situations occur. Figure 13 shows the standing pipe and the high and low alarms next to the

deaerator tank located on the basement floor of the power plant.

Initially, a four-wire ultrasonic level transmitter LVU1506 was thought to be capable of sensing
the water level; so it was purchased and installed at the top of the standing pipe. The way this
sensor works is by creating an electronic signal that is transformed by the sensor into ultrasonic
pulses that travel through the air. When these pulses hit the liquid/air interface, they reflect back
to the sensor. The reflected pulses are received by the microprocessor in the electronics, and it
calculates the level in the tank, outputting the information in a 4-20 mA format [28]. This
information would then be sent to the variable speed pumps so that they could determine whether
to provide more or less flow into the tank. In order for this sensor to work without any problems,
the sensor located at the tip of this transmitter had to be always dry. However, since the project
was dealing with a pressurized environment which included steam in the standing pipe, after
some time, droplets of water would start to collect on the sensor, causing the ultrasonic pulses to
be incorrectly interpreted by the electronics of the transmitter, sending incorrect values to the
pumps’ controller. For this reason, this level transmitter could not be used in this application,
since there was no way to stop droplets of water from condensing on the sensor in an

environment that included condensing steam.
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Figure 13: Standing Pipe, High and Low Water Alarms, Visual Level Indicators and Level Transmitter.

A SureSite visual indicator and level transmitter was then ordered and built specifically for this
application. It was installed right next to the already existing glass visual indicator as shown in
Fig. 13. The time it took from ordering to building and receiving the level transmitter was

approximately three and a half months.

The SureSite sensor is powered by one of the Mastech 30 volt DC power supplies and sends a 4-
20 mA output to the pumps based on where the water level of the deaerator is, being equivalent
to the height of water inside the standing pipe. This sensor functions by having a magnet inside
an aluminum casing that moves up and down based on the level of the water in the deaerator
tank. The visual indicator consists of a pivoting “flag” assembly that has two sides with
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contrasting colors. As the magnet inside the aluminum casing moves up and down, these flags

rotate and show the level of water inside the casing using the contrasting colors as shown in Fig.
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Figure 14: SureSite® Visual Level Indicator and Level Transmitter.

The same magnet inside the casing interacts with the calibrated transmitter connected to the
casing and sends a 4-20 mA output to the pumps based on the level of water inside the casing
[29]. The only problem encountered with connecting this level transmitter to the variable speed
pumps was the fact that the pump controller did not have an option for level control input. For
this reason, the 4-20 mA output of the level transmitter had to be transformed into a 0-100%
signal for the pump controller, i.e., the controller interpreted the data as a percentage and not a

level. Thus, the pumps had a percentage to be maintained as the set-point and not an actual water
level.
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A couple of difficulties were encountered when first starting to run the variable speed pumps in
level control mode. The first problem was that, once the level set-point that was chosen for the
pumps to maintain was satisfied or over-achieved, instead of simply reducing pump speed,
maintaining a lower flow, they would enter standby mode, completely stopping the flow of water
to the deaerator tank. Since this is a pressurized system, requiring a constant flow of water, this
caused steam hammering in the system, i.e., the back flow of pressurized steam through the
pipelines, which can cause such pipes to break as well as cause major damage to pumps’ seals.
For this reason, the minimum performance of the pumps had to be changed so that the pumps
were continuously running to keep a minimum flow of water constantly going into the deaerator

tank. Once this was adjusted, the system did not experience steam hammering again.

The controller of the variable speed pumps was not able to provide proper signal damping when
running in level control mode. Whenever the level of water would go below the set-point, the
pumps would speed up until the desired set-point was reached, and then slow down. However,
the pumps would always go from minimum performance settings, to maximum performance
settings, e.g., 40% speed to 100% speed, most of the time overshooting the set-point. This caused
the curves of power consumption and flow rate never to be damped to become constant, even for
constant demand by the power plant. Figures 15 and 16 show the undamped curves obtained for
flow rate and power consumption when trying to run the pumps before altering the time integral

setting in the pumps’ computer.

When trying to adjust the time integral setting that controls the speed of response of the pumps,
this caused the level to lower almost to the low level alarm; and once the pumps sped up, by the
time they slowed down, the level was almost in the high level alarm of the deaerator tank.

Figures 17 and 18 show the undamped curves after altering the time integral setting.
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Figure 15: CRE 15-3 Undamped Power Curve (February 15, 2013).
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Figure 16: CRE 15-3 Undamped Flow Rate Curve (February 15, 2013).

One might not notice too much difference between the two sets of graphs, however, by

comparing the two sets of graphs it can be seen that by increasing the time integral of the

controller’s response, the time it took for the changes of flow rate and power consumption to

happen also increased, but still not causing the curves to damp.
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Figure 17: CRE 15-3 Undamped Power Curve with Adjusted Time Integral Setting (February 19, 2013).
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Figure 18: CRE 15-3 Undamped Flow Rate Curve with Adjusted Time Integral Setting (February 19, 2013).

This rapid change from low flow to a very high flow of water was also not beneficial for the
pressurized deaerator tank, since by having the control valve fully open, it caused a great
temperature shock between the water already in the tank and the water coming into it. This

forced the amount of steam provided for the tank to rapidly increase in order to heat and deaerate
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the great flow of cooler water entering. For this reason, the minimum and maximum speeds of
the pumps had to be manually adjusted in the variable speed pumps’ controller with the use of a
Grundfos R100 programmer in order to create a damped system curve for power consumption
and flow rates and not cause a great temperature shock inside the deaerator tank. This will be

shown when results/data are discussed.

After running the variable speed pumps in level control mode for a while, it was noticed that the
pumps were working at higher speeds than for some of the earlier runs. After carefully analyzing
the system, it was found that the check valve in the discharge line of the constant speed pump did
not fully closing when the pump was shut off. This caused the variable speed pumps to provide
water to the system and also backflow water through the discharge pipelines of the constant
speed pumps, hence, explaining why the variable speed pumps had to work harder in order to
provide water to the system. The replacement of this valve did not delay the project; however,
data gathered from a couple of days (not shown in this document, i.e., first week of March 2013)

had to be disregarded due to faulty check valves in the system.

Finally, when running the variable speed pumps in level control mode, the control valve next to
the deaerator tank was fully open, and the discharge pressure which the pumps needed in order to
provide the flow of water to the system was much lower than that of the constant speed pump for
similar situations. This caused the water not to be able to reach the vent condenser which is
located on the first floor of the power plant. At this point, it was found that, not only were the
variable speed pumps in level control mode not able to do the same job as the constant speed
pumps, but also that the main recirculating pipeline that returned water back to the storage tanks
was not initially considered in the project (labeled in orange in Fig. 9). The bypass that was
always thought to be the only recirculating pipeline (labeled in purple in Fig. 9), was used only
when the demand of the plant was very low in order to avoid deadheading on the pumps’ suction
side. For this reason, three cases were added (Cases 1-3) to the project in order to equitably
compare the performance of the variable speed pumps to that of the constant speed pump. The
data gathering for this project started in February of 2012 when running the variable speed
pumps in discharge pressure mode, and this recirculation line problem was noticed in April of
2013 when the variable speed pumps started to work using level control mode with the control

valve fully open.
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2.3 Test Procedure for Data Logging
For the data acquisition part of this project, different procedures were used for each of the four

previously outlined cases. For this reason, it is necessary to explain how the data was logged for

each individual case:
Case 1:

For the Worthington D-824 constant speed pump and the Grundfos CRE-15-3 variable speed
pumps, data logging was performed for a period of six to seven days at a time, alternating the
pumps being used after this period of time. In other words, information from the constant speed
pump was gathered for a week, and in the following week, information was gathered using the

variable speed pumps.

When gathering data for the constant speed pump, the HOBO data logger was used to log its
discharge pressure, discharge flow rate, power consumption and flow rate of recirculating water
in the bypass if any. All of this information was gathered at intervals of one minute between each
data point for a period of six to seven days. For the variable speed pumps, the HOBO data logger
was used to record the information of discharge flow rate, water pressure in the suction side of
the pumps, and also the flow rate in the bypass recirculation line. This information was also
stored in intervals of one minute between each data point for a period of six to seven days. The
power consumption and discharge pressure of the variable speed pump was recorded using the
software PC Tools E-Products provided by Grundfos, which was installed on the Gateway
Netbook. As explained in Section 2.2, this information was recorded as fast as possible by the
software when there were major changes in the chosen data to be logged, also for a period of six
to seven days. However, the data was saved and the software restarted every three to four days in
order to ensure that the computer would not freeze or lose data due to the amount of space

necessary to store such information.

As explained earlier, the power plant has a total of four pump sets that provided water to the
system, out of which one is the Worthington D-824 constant speed centrifugal pump being
compared to second set of pumps in the system which are the Grundfos CRE 15-3 pumps. Pumps
3 and 4, which are both constant speed centrifugal pumps, were not used for the comparisons in

this project, but the rotation of usage among these pumps was still performed by the staff of the
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power plant, where every pump was run a total of one week until the next pump was used. Also
when the demand for steam was very high, normally on very cold days, two pumps were turned
on in order to be able to provide the necessary water to meet the demand. Therefore, due to this
necessary pump rotation, for this case, data was gathered for two weeks, i.e., one week of
information for each pump, for a period of approximately four months in the year of 2012
(February through May), equaling eight weeks of gathered data for this case.

Case 2:

For this case, the variable speed pumps were still running in discharge pressure mode in order to
conform to the same type of work that the constant speed centrifugal speed pumps did in
providing water to the system. However, in this case, both pumps were limited to providing
water only to the deaerator tank. The valve allowing water to the heat exchanger was shut off.
Then, after a certain amount of time, the heat exchanger was reopened in order to the compare
the differences in flow rates and power consumption. Two different procedures were used to
gather data for this case. However, the equipment, set up and software used to gather the data

were the same as those described in Case 1.

The first procedure involved running both pumps on consecutive days with the heat exchanger
access valve closed for a total of five hours, the time period considered to be the peak hours of
demand of the power plant. The interval of data logging was still one minute for the information
stored in the HOBO data loggers and as fast as the software could record when recording data
from the variable speed pumps using the PC Tools E-Products software. This procedure was
used for a total of one day for both pumps since it was established that, for the best comparison,
the pumps should be run and compared based on the plant’s demand for the same day and not
consecutive days. This was due to the fact that, if the power plant’s demand for those days were
too different, that change would definitely influence the performance and power consumption of

the two types of pumps.

For this reason, the second procedure involved starting the day with the constant speed pumps,
running for two and a half hours with the heat exchanger access valve shut off, then swapping to
the variable speed pumps running for another two and a half hours with the same setup. After

this time, the access valve to the heat exchanger was opened, and the variable speed pumps were
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run in this setup for another hour. Once that hour elapsed, the constant speed pumps were run for
another hour with the water flowing to the deaerator tank and the heat exchanger as well. Again,
this was done so that the project could have information on how different or similar the pumps’
performance would be on the same day when providing water to just the deaerator tank and then
to both the deaerator tank and the heat exchanger. The data logging intervals used were the same
as those described for the first procedure, and this method was used to gather data from the 15"
through the 18" of April of 2013.

Case 3:

For this case, the Grundfos variable speed pumps were providing water to the system in level
control mode. The variable speed pumps and the Worthington D-824 constant speed pumps were
limited to providing water to the deaerator tank. The variable speed pumps were operated first
and ran for a total of three hours in level control. The set-point chosen for the pumps to maintain
was for the tank to be at 52% of its water capacity. As discussed previously in Section 2.2, with
the variable speed pumps’ controllers’ normal settings, the pumps would slow down to their
minimum performance, i.e., both pumps running at 40% speed, when the level set-point was met.
And whenever the level would go below the desired 52%, the pumps would speed up, reaching
their maximum performance after a short time to meet the desired set-point. Due to the lag that
the controller has in speeding up and slowing down the pumps, the controller would not only
overshoot the desired set-point, but also change the speed of the pump from minimum
performance to maximum performance every time the deaerator level would drop as shown

previously in Fig. 15 and Fig. 16.

For this reason, the Grundfos R100 programmer was used so that the range between the
minimum and maximum performance of the pumps could be manually changed based on the
demand for water that the deaerator tank required. In other words, so that the variable speed
pumps did not keep constantly increasing and decreasing their speeds in order to maintain the
desired set-point, the minimum and maximum performance settings were manually changed
every few minutes until an optimum range was reached. This range allowed the minimum
required power of the pumps to maintain the desired tank level for longer periods of time and
only small increases and decreases in the pumps’ speeds were necessary to bring the level back

to the desired set-point once it varied. In order to be able to capture the data for any sudden
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changes in the flow rates of the variable speed pumps when running in level control mode, the
data logging intervals of the HOBO data logger were changed to thirty seconds, and nothing was
changed in the PC Tools E-Products software since it recorded any changes in the power
consumption and discharge pressure as needed.

After running the variable speed pumps this way for about three hours, the work of supplying
water to the deaerator tank was then taken over by the Worthington D-824 constant centrifugal
pumps. Again, these pumps ran for three hours until the access valve to the heat exchanger was
opened. Since these were constant speed pumps and no major changes in flow rates and power
consumptions would occur as compared to those of the variable speed pumps, the data logging
intervals of the HOBO data logger were one minute between each data point. Data gathering for

this case was performed for a total of two days in April/May of 2013 (April 30" and May 1%).
Case 4:

For this case, the Grundfos variable speed pumps ran in level control mode and the Worthington
D-824 constant speed pump operated in discharge pressure mode. Both pumps in this case were
meant to supply water to the deaerator tank on the basement floor of the power plant and the heat
exchanger on the first floor. However, due to the low discharge pressure that the Grundfos
variable speed pumps produced when running in level control mode, only the Worthington D-
824 constant speed pump was able to supply water to the heat exchanger.

When running the variable speed pumps in level control mode in this case, the same procedure
explained in Case 3 was used. The only difference was that the pumps worked for a total of six
hours in the day. After these six hours, the constant speed pumps took over the work for another
six hours in order to obtain data about the same day for comparison of both pumps. The data
logging interval of the HOBO data logger was still thirty seconds when obtaining data from the
variable speed pumps and one minute when gathering data from the constant speed pumps. PC
Tools E-Products was still used to log data about the power consumption and discharge pressure
of the variable speed pumps. For this case, data was gathered in the manner described above for
a total of eight days in March of 2013 (11, 12, 14, 18, 19, 20, 21, and 26) and two days in April
of 2013 (1 and 2).
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2.4 Life Cycle Costs and Equations
The life cycle cost analyses for each of the four cases considered in this project were created

using the Building Life Cycle Cost Software provided by the U.S. Department of Energy [23].
This section is dedicated to showing all of the costs that were taken under consideration for both
pump systems and the equations that the software used to calculate the present value for each
cost, employing a study period of twenty years. All four cases followed the same procedure. The
only difference was the energy consumption that was estimated based on the results of the data

gathered from both pump systems during each case’s runs.

For a life cycle analysis, there are two dates needed to start the analysis, the Base date and the
Service date. Base date is the time when all project-related costs, i.e., investment and installation
costs, are applied to the life cycle cost analysis, which is usually the first day of the study period
of the project. The service date is the date that the project is expected to be implemented, i.e., the
date which the pumps started running, such that energy and water costs only start at this date
[25]. The base date of this project was considered to be same as the service date of the project
which started on August 1% of 2012.

Following the Federal Energy Management Program rules for life cycle cost analysis, all
annually recurring costs were discounted from the end of the year at rates of 3.0% real discount
(interest rates not including inflation) and 3.5% nominal discounts (interest rate that includes
inflation) provided by the Department of Energy (DOE). In other words, these discount rates
were the rates used to transform the future values of the annually recurring costs into present
value costs. Also, the analysis information is based on Current Dollar Analysis, which includes
general inflation of 0.5% for current dollar amounts, nominal discount (interest rate that includes

inflation) and escalation rates (the rate of change over time of a value such as energy costs) [23].

Table 1 shows the formulas that the software used to calculate the present values of all costs used
to calculate the total life cycle costs for both pump systems considered in this project as well as a
visual representation of what each formula is trying to achieve [25]. For both pump systems, the
energy and water costs were determined by contacting local energy companies, i.e., Westar
Energy, and the City of Lawrence water service, respectively. Since the power plant follows an
industrial rate schedule, it was determined that Westar charges US$0.079 per kWh and a
US$480.00 Annual Demand Charge. The City of Lawrence charges the University of Kansas’
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Power Plant US$0.00287 per gallon of water consumed as shown in the city’s industrial billing
rates table [30, 31]. This document assumes that the power plant has no water disposal costs as
stipulated by the City of Lawrence. The energy cost is represented by the variable “E” in Eq. (2),
and the present value of this cost is calculated by the BLCC software using the fourth formula in
Table 1. The water cost is represented by the variable “W” in Eq. (2), and its present value is

calculated by the software using the third formula in Table 1.

The next values to be input in the software were the initial investment costs for each pump
system. The initial investment costs were calculated as one time occurring amounts, and are
represented by the variable “I” in Eq. (2), for which the present value cost for the twenty years
study period is calculated by the BLCC software using the first formula shown in Table 1. For
the Worthington D-824 constant speed centrifugal pump, the cost of the pump and the control
valve were considered to be investment costs, since the pump is not able to provide water to the
system without having the control valve to control the flow of water. The pump cost was
determined to be US$2,500.00 and the Fisher control valve to be US$4,000.00 [26, 32]. The
Grundfos variable speed pump system installed at the power plant was determined to have an
initial investment cost of US$15,000.00, which included both pumps and the CR Monitoring
controller [33]. It was assumed that both pump systems will have no residual value at the end of

the study period of twenty years.

The next set of costs included replacement costs such as seals (US$200.00 for both pumps) that
are normally replaced every two years, and replacement of motors or impellers (US$1000.00 for
Worthington D-824 and US$2000.00 for CRE 15-3) changed as necessary, but averaged to be
replaced every ten years from the pump’s installation date for the sake of this project. The seals
and motor and impellers were considered to be “one-time amounts” in the software (since they
are costs that occur one time every two years for the seals and every ten years for the
motor/impellers). These costs are represented by the variable “Repl” in Eq. (2), and their present
values (for every time they occur) are calculated by the BLCC software using the first formula in
Table 1 since the formula takes in account the year of the study period that the cost occurs. All
operating (down time), and maintenance (e.g., labor necessary to change seals/impellers) were
considered under the cost of labor, which was assumed to be an “annually recurring cost” with a

labor cost value of US$1,000 being used for both pumps every year. The labor costs are
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represented by the variable “OM&R” in Eq. (2), and its present value is calculated by the BLCC

software using the second formula presented in Table 1 [25].

All of the formulas shown in Table 1 use inflation, price escalation rates, and discount rates
determined by DOE. These rates are uploaded into the software and updated at the end of every
federal fiscal year, which ends September 30™". To obtain the updated software, one simply has to
register and download it from the DOE website for free. Tables Ba-1 through Ba-5 cited in Table
1 can be found in Reference 25.

Once the software calculates every individual cost using the formulas shown in Table 1, it uses
the following simple equation to determine the total present-value life cycle cost for the two

pump system alternatives discussed in this document:

LCC = | + Repl —Res + E + W + OM&R (2)

(Terms are defined in the Nomenclature)

A life cycle cost analysis was performed for each of the four cases discussed in this document
(see Section 2.3), where the only costs that were changed in the software from case to case was
the energy consumption of each pump for each case and the water usage in the 12 month period
being discussed in each case, since energy costs/savings and water usage are the highest costs the
power plant has and were the primary focus of this project. The annual energy consumption
given in kilowatt hours for each case was estimated based on the power consumption data
gathered in kilowatts for each case. Most of the data obtained was during the months that the
power plant had its highest demand due to the cold weather and the amount of buildings
requiring steam, i.e., winter. The estimates of energy consumption made for the months in which
data was not gathered were based on these coldest months in order to obtain the power plant’s
annual energy consumption. Tables of the outside temperatures and the steam produced by the

power plant for when the data was taken are shown in Appendices D and E, respectively.
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Table 1: Present-Value Formulas and Discount Factors for Life Cycle Cost Analysis [Reproduced from Ref. 25]

Present-Value Formulas and Discount Factors for Life-Cycle Cost Analysis.

PV formula for one-time amounts

The Single Present Value (SPV) factor is used to calculate
the present value, PV, of a future cash amount occurring at
the end of year t, F,, given a discount rate, d.

1
(1 +d)'

PV = F, %

PV = F, x SPV,, Iﬂ

E,
BV SPV

i <

The SPV factor ford = 3% and
t = 15 years is 0.642.

—

PV formula for annually recurring uniform
amounts

Tile Uniform Present Value (UPV) factor is used to
calculate the PV of a series of equal cash amounts, A,, that
recur annually over a period of n years, given d.

n
e i (1 +d)*-1

PV = A  x
t=1 (1 +d) daa +"

PV = A, x UPV, | i

PV UPV A, A, A

N <mmm

The UPYV factor ford = 3% and
n = 15 years is 11.94.

PV formula for annually recurring non-uniform
amounts

o (1) . Ao(1+e)L_( 1]]
e @d-e)| (1+d

The Modified Uniform Present Value (UPV") factor is
used to calculate the PV recurring annual amounts that
change from year to year at a constant escalation rate, e
(i.e., A..; = A, x (1+e)), over n years, given d. The
escalation rate can be positive or negative.

BV = AO X UPV*(n.d.e)

PV UPV*A A, A

<

The UPV* factor fore = 2%,
d = 3%, and n = 15 years is 13.89.

PV formula for annually recurring energy costs
(FEMP LCCA)

The FEMP UPV* factor is used to calculate the PV of
annually recurring energy costs over n years, which are
assumed to change from year to year at a non-constant
escalation rate, based on DOE projections. FEMP UPV*
factors are precalculated for the current DOE discount rate
and published in tables Ba-1 through Ba-5 of the Annual
Supplement to Handbook 135.

PV = Ay x UPV*(reg. ft, rt, d.n)

PV UPV* 4, A, A,
B <mlEm

The FEMP UPV* factor for region
(reg) = 3, fuel type (ft) = electricity,
rate type (rt) = commercial, d = 3%,
and n = 15 is 12.12 (1995).
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In order to have a better estimate of the annual energy demand of the power plant, estimates were
made for every month of the year based on the information gathered from Cases 1 through 4.
Since the monthly energy consumption is directly related to the monthly steam production,
energy estimates for the months in which information was not gathered were estimated based on
the comparison of those months’ steam production to the steam production of the months from
which data was obtained. For example, the energy consumption of March was calculated based
on the data collected for certain days of that month, i.e., power consumption data. If one wanted
to estimate the energy consumption of the plant during the month of July, for which just the total
steam produced by the plant during that month is known, the energy consumption of March
could be multiplied by the ratio of the total steam produced in July and the total steam produced
in March in order to have an estimate of the energy consumption of July based on steam
production. Therefore, this was the approach used for all four cases in this project in order to
have a better estimate of the annual energy consumption of the Power Plant, since summer
months are expected to have a much lower steam demand than winter months. See Appendices F
through J for the power and energy consumption hand calculations made to obtain the annual

energy consumption for Cases 1 through 4.
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2.5 Data Logging Error Analysis
Since multiple sensors of different models were used to measure all of the necessary data in this

project, it is important to provide their ranges of accuracy in order to properly evaluate the
quality of the results. For this reason, an error analysis for each piece of equipment used in this

project follows.

2.5.1 Data Logger
The data loggers used in this project were HOBO U12-006 Data Loggers. They have an accuracy

level of +2.5% of the reading being received from each individual sensor used to acquire data
from both pump systems, i.e., pressure, flow rate and power consumption [27]. (Specifications
for all equipment can be found in Appendix C). The CU351 controller of the Grundfos variable
speed pumps was used to receive the analog input from the level transmitter when the pumps ran
in level control mode. This controller has an accuracy of £0.5% of the full scale reading of the
input [34]. Since the data loggers and the sensors have their own levels of accuracy, this thesis
will be using Eqg. (3) in order to determine the total error of the readings acquired by the sensors

and data stored in the data loggers [35]:

(3)

(Terms are defined in the Nomenclature)

2.5.2 Flow Meters
When dealing with the Siemens magnetic flow meter 3100 and its controller, Siemens Sitrans

Mag 5000, the company provides a flow sizing program that allows the user to determine the
accuracy of the flow meter, given the pipe diameter in which the sensor was installed as well as
the minimum and maximum flow rates for the application. For every flow rate, the sensor has a
different level of accuracy, where the greater the flow rate the lower the error. The flow meters
installed on the discharge side of the constant speed pump and the variable speed pumps were
both four inch diameter magnetic sensors. By analyzing the data obtained from them, it was
established that the minimum flow rate was never lower than 40 GPM and that the maximum

flow rate never exceeded 300 GPM. Therefore, these were the values used in the program to
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establish the accuracy levels of these two sensors. Table 2 shows the different maximum error

values of these sensors for different flow rates based on minimum and maximum flow rates of 40

GPM and 300 GPM:

Table 2: Level of Accuracy of Siemens Magnetic Flow meter MAG3100 with a Four Inch Diameter Sensor [Reproduced

from Ref. 36]

= "
Calculations on MAG3100 DN 100 / 4" sensor SIEMENS
e @
Back Print
table
Selected flow range Low flow range
Flowrate Flow velocity Max. error *) Flowrate Flow velocity Max. error *)
[Gal(US)/min] [ft/s] [% of Flowrate] [Gal(US)/min] [ft/s] [% of Flowrate]
40 1.05 +0.71 12 0.33 +1.40
83 220 +0.55 21 0.55 +1.00
127 3.34 +0.50 124 3.28 +0.50
170 448 +0.47 Maxi fl
213 562 £ 046 aximum flow rate
257 6.76 +0.45 Flowrate Flow velocity Max. error *)
300 7.91 +0.44 [Gal{US)/min] [ft/s] [% of Flowrate]
1,245 32.81 +0.41

Select flowrate function: ||l RV T LR VEENT R (R EE Y

Accuracy: 0.4% + 1.0 mm/s

The following data are used for the calculation:
Transmitter choice: MAG5000
Sensor choice: MAG3100
Minimum flow rate: 40 Gal(US)/min
Maximum flow rate: 300 Gal(US)/min

® Copyright 2009 Siemens A/S, Flow Instruments
Thelogotype of Siemens A/S, Flow Instruments are registrated trademarks of Siemens A/S, Flow Instruments. All rights reserved.

By using Eqg. (3) to combine the error of the data logger (£2.5% of the reading) with the error for
the minimum and maximum flow rates shown on Table 2, the range of the total error that could
be encountered when reading the data recorded by the HOBO data loggers would be £2.599%
for 40 GPM to +2.538% for 300 GPM.

The same program was used to determine the range of error from the flow meter using the one
inch diameter sensor installed in the bypass marked in purple on the power plant schematic (Fig.
9). Again, by analyzing the data acquired by this flow meter, it was determined that the lowest
possible flow rate recorded by it was 1 GPM with the maximum being 20 GPM, just so that a
range of error could be calculated for this flow meter. Using these values, Table 3 shows the

range of errors for the Siemens flow meter that used a one inch diameter sensor.
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Table 3: Level of Accuracy of Siemens Magnetic Flow meter MAG3100 with a One Inch Diameter Sensor [Reproduced

from Ref. 36]

= "
Calculations on MAG3100 DN 25/ 1" sensor SIEMENS
e @
ack rint
table
Selected flow range Low flow range
Flowrate Flow velocity Max. error *) Flowrate Flow velocity Max. error *)
[Gal(US)/min] [ft/s] [% of Flowrate] [Gal(US)/min] [ft/s] [% of Flowrate]
1.00 0.42 +1.18 0.78 0.33 +1.40
417 1.76 +0.59 1.30 0.55 +1.00
7.33 3.09 +0.51 7.78 3.28 +0.50
10.50 443 +047 Maxi fl t
13.67 5.76 +0.46 e e
16.83 7.10 +0.45 Flowrate Flow velocity Max. error *)
20.00 8.43 +044 [Gal(US)/min] [ft/s] [% of Flowrate]
77.81 32.81 + 041
Select flowrate function: |[ZeiER BRI CRiPVAETT RN EET 52
Accuracy: 0.4% + 1.0 mm/s
The following data are used for the calculation:
Transmitter choice: MAG5000
Sensor choice: MAG3100
Minimum flow rate: 1 Gal(US)/min
Maximum flow rate: 20 Gal(US)/min
@ Copyright 2009 Siemens A/S, Flow Instruments
Thelogotype of Siemens A/S, Flow Instruments are registrated trademarks of Siemens A/S, Flow Instruments. All rights reserved.

When taking in consideration the reading accuracy of the HOBO data logger (+2.5%), the range
of the total error for the data taking using the one inch diameter flow meter is between £2.764%
for 1 GPM to £2.538% for 20 GPM.

2.5.3 Pressure Transducers
All pressure transducers used to gather data for this project were made by Danfoss for industrial

applications (type MBS 3000). They were used to measure the discharge pressure and the
pressure on the suction sides of the Worthington D-824 constant speed centrifugal pump and the
Grundfos CRE 15-3 variable speed pumps. One of these sensors was also used to measure the
pressure right before the control valve located at the deaerator tank. The measurement range of
these transducers was from 0 to 4 bar. According to the technical data (see Appendix C), the
transmitter’s accuracy, which includes non-linearity, hysteresis, and repeatability, is typically
+0.5% of full scale reading, but having a maximum error of no more than +1% of full scale
reading. For this reason, it was assumed that these transducers have an accuracy of +1% of full
scale reading. This means that for every pressure data point acquired by these transducers, the
error was considered to be +£0.04 bar [37]. The data logger accuracy must also be taken in
consideration for the data obtained from the pressure transmitter. So a range of accuracy must be

47



established from the lowest values recorded to the maximum reading of the transmitter, since the
error of the transmitter is based on the full scale reading and the data logger error is a fixed
percentage of every reading received from the transmitter. Considering that the lowest value ever
recorded by these transducers in this project was 0.1 bar and the maximum reading was 4 bar, the
total error of the recorded values of the data logger and the pressure transmitter was between
+40.078% (at 0.1 bar) and £2.693% (at 4 bar). Since most of the data that was recorded by these
transducers were not lower than 0.8 bar, the range of error for the great majority (over 90%) of

recorded values from these transducers was between +5.59% (0.8 bar) and +2.693% of reading.

2.5.4 Differential Pressure Sensor
In order to obtain and record the pressure drop that the Fisher control valve created before the

water went into the deaerator tank, Grundfos provided a differential pressure sensor for industrial
applications (type DPI 0-2.5). As the model number indicates, the range of differential pressure
that this sensor read was from 0 to 2.5 bar. The accuracy of its readings was +2% of its full scale.
Again, this means that for every differential pressure measurement gathered from this sensor, the
error was +0.05 bar [38]. Assuming that the lowest recorded value by this differential pressure
transducer was 0.1 bar, our range of error between the lowest recorded value and maximum
possible reading of the sensor was between +50.063% (0.1 bar) and +3.20% (2.5 bar) of the
actual recorded value. The low pressure error is high because the sensor’s accuracy is based on
full scale. Most of the data recorded by this sensor (over 90%) was above 1 bar since it was
mainly used when the control valve next to the deaerator tank was in use. Thus, most of the
values recorded by this sensor and used in this project had errors between +5.59% and +3.20% of

the actual reading.

2.5.5 Power Monitoring Transducer
The energy consumption of the Worthington D-824 constant centrifugal pump was recorded

using Veris Power Monitoring H8044-0100-2 current transducers. The current transducers’
information was used by a computer attached to the sensors and to the voltage supply of the
pumps which then calculated the power consumption. The accuracy of the calculated power
consumption was given as +1% of the reading from 10% to 100% of the rated current of the
current transducers (see Appendix C). Since these transducers were rated at a maximum

amperage of 100 amperes, as long as the current going through the power cables of the pumps
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was between 10 and 100 amps, the accuracy of the calculated power consumption values would
be within £1% of the actual reading [39]. Since the amperage did not go below 10 amps or above
100 amps when the pump was in service, the data gathered in this project was within this 1%
error. In this case, since both the sensor and the data logger have an established accuracy for the
actual reading, the combined error for this sensor and the HOBO data logger was £2.693% of

each value recorded.

The Grundfos variable speed pumps system controller is capable of displaying and recording the
instantaneous power consumption of the pumps. However, Grundfos was unable to provide the
accuracy of the controller for its measurements. For this reason, the power accuracy levels for
these pumps were unknown. However, based on the accuracy of similar devices, a conservative

estimate would place these measurements at £5% or less of reading.

2.5.6 SureSite® Level Transducer
The SureSite® level transmitter’s accuracy is £0.4% of its full scale, while the Grundfos CU351

controller has an accuracy of +0.5% of the full scale of its analog input [29, 34]. Using Eq. (3),
this gives a total error of £0.640% of the full scale of the transmitter. Since the maximum height
of water that the transmitter measured was 37.5 inches, for every level measurement that the
controller of the variable speed pumps receives, the error in the height of the water was within
+0.24 inches. The lowest level measured was approximately 18 inches (read as 48% level by the
pumps’ controller), and since both the pumps and the transmitter had an accuracy based on the

signal’s full scale, the error for such reading was still +0.640% or £0.24 inches.

2.5.7 Error Analysis Summary
Having established the error analysis for each sensor and data logger used in this project, this

information should be taken into consideration for the analyses of the results from this project.
Representative errors will be plotted with some of the data presented in order to provide a visual
representation of the data’s accuracy in this section so that readers take such errors under
consideration when looking at the data presented in the results. (More detailed specifications for

all instrumentation used in this project are available in Appendix C.)
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Figure 19: Representative Error Bars for Power Consumption Readings (April 18, 2013).

Figure 19 shows the errors that should be taken into consideration for the power consumption
results obtained for the Worthington D-824 pump (£2.693% of reading) and the Grundfos CRE

15-3 pumps (£5% of reading, assumed error).
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Figure 20: Representative Error Bars for Flow Rate Readings (April 18, 2013).

The expected errors for the flow rate readings in this project are presented in Fig. 20, where the
average error was approximately +2.50% of every value obtained for the discharge flow rate of
both pumps systems.
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Figure 21: Representative Error Bars for High Discharge Pressure Readings (April 18, 2013).
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Figure 22: Representative Error Bars for Low and High Discharge Pressure Readings (May 1, 2013).

Examples of the representative errors for high and low discharge pressures are shown in Figs. 21

and 22. The average error for the higher discharge pressure readings, i.e., above 40 PSI, was

approximately +2.75% of reading, while, for the lower discharge pressure readings, the error was

approximately +5.7% of the value recorded by the data logger.
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Figure 23: Representative Error Bars for High and Low Differential Pressure Readings across Control Valve (March 12,

2013).

Figure 23 shows the representative error for the values obtained for the differential pressure

across the control valve when the valve was “on” and “off”, i.e., “on” meaning in use when

running the constant speed pumps and variable speed pumps in discharge pressure mode, and

“off” meaning fully open when running the variable speed pumps in level control mode. The

error of the values recorded while the control valve was on was approximately +£5.3% of reading,

while the error for the values recorded while the valve was off was approximately £+45% of

reading.

All errors presented in this section should be taken into consideration when reading the results of

this document, since these representative errors will not be presented on the graphs in the results

section.
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Chapter 3: Results
3.1Casel

3.1.1 February 11 through February 23, 2012
The following graphs show a comparison between the Worthington D-824 constant speed pump

and the Grundfos CRE 15-3 variable speed pumps’ power consumption, flow rates and discharge
pressures while both were running in discharge pressure mode from February 11 (Saturday)
through February 23 (Thursday) of 2012.
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Figure 24: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for February 11- 23, 2012
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Figure 24a: Daily Maximum and Minimum Ambient Temperatures for February 11-23, 2012
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Figure 24 shows a comparison of the power consumption between the Grundfos CRE 15-3
variable speed pumps running in discharge pressure mode and Worthington D-824 constant
speed pump. The variable speed pumps ran from February 11 through February 17 while the
constant speed pump ran from February 17 through February 23. The average power
consumption of the Grundfos pumps was 5.280 kW while the average power consumption of the
Worthington D-824 pump was 6.117 kW. As Fig. 24 shows, the power consumption for the
Worthington D-824 pump was higher from February 21 through February 23, which caused the
average power consumption to be higher as well. This was due to the power plant requiring a
higher steam demand as the flow rates shown in Fig. 25 also demonstrate. The same increase in
steam demand can be seen when running the Grundfos CRE 15-3 from February 16 through
February 17. However, since that period of time was smaller than the period for the Worthington

D-824, the average power consumption was not affected as much.

Figure 24a shows the maximum and minimum outside temperatures for the days that the pump
systems operated [45]. Based on the fact that one of the power plant’s jobs is to provide steam
for the heating system of the campus, lower outside temperatures can cause the power plant’s
demand for water to become higher. In other words, the flow rates and power consumption of the
pumps would be higher, the lower the outside temperate was. The fluctuations of power based on
temperature changes are a lot more noticeable during the days in which the Grundfos CRE 15-3
pumps were running. That is because of the increase and decrease of their speeds in order to
satisfy the demand for water that the power plant required. Since the Worthington D-824 pump is
a constant speed pump, its power consumption changes were minimal when compared to those
of the Grundfos CRE 15-3 pumps. There reason for that is that the control valve is doing all the
work of increasing and decreasing the demand of water to the deaerator tank. Figure 24a shows
an increase in temperature for the period of February 21 through February 23, which should
indicate a decrease in power consumption for the Worthington D-824. However, Fig. 24 shows a
slight increase in power during that time frame. The reader should also keep in mind the fact that
the power plant has other duties that could require higher steam production other than just heat

supply, e.g., supply steam for humidity in HVAC systems around campus.

In later sections, these average power consumption results will be compared to the pump curves

and to hydraulic power calculations (using the average flow rates and discharge pressures from
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each pump system) in order to ensure that the obtained values for both pump systems are

reasonable, i.e., fit the physics of flow, so that a fair comparison can be made.
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Figure 25: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for February 11- 23, 2012

The average flow rate of the CRE 15-3 pumps from February 11 through February 17 was
145.86 GPM and the average flow rate of the Worthington D-824 pumps from February 15
through February 24 was 187.80 GPM. These values show how the demand was higher during

the week in which the Worthington D-824 pump was running, explaining the higher power

consumption mentioned previously.
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Figure 26: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for February 11- 23, 2012

As Fig. 26 shows, the discharge pressure of the CRE 15-3 pumps did not fluctuate as much when

compared to the discharge pressure of the Worthington D-824 pump. That is because, when
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running the CRE 15-3 in discharge pressure mode, a set point had to be chosen, which was 44
PSI. This means that the pumps tried to maintain a discharge pressure of 44 PSI at all times as
guided by their controller, while the Worthington D-824’s discharge pressure was mainly
influenced by the control valve regulating the flow of water into the deaerator tank. The average
discharge pressures for the CRE 15-3 pumps and the Worthington D-824 pump were 44.06 PSI
and 42.33 PSI, respectively.

The pump curves of both pump systems are available in Appendix B (Note that “P” in Appendix
B for Pump Curves is Power and not Pressure). It should be noted that the pump curves for both
pump systems provide their pressure information as head in feet. Since the information gathered
in this project used PSI as the unit of pressure, Equation (4) [40], was used to convert the known
pressure in PSI to head in order to use the pump curves’ information.

Px2.31
SG

H =

(4)

(Terms are defined in the Nomenclature, SG for this project is equal to 0.979 due to the water’s average temperature of
160°F [40])

When using the Grundfos’ pump curves that are provided on their website (WEBCAPS) [41],
this version allows the user to manually input values for flow rate and discharge pressure [41].
Once these values are entered, the power consumption of the pump as well as its efficiency are
automatically calculated and displayed to the user. That is why the values obtained from the
pump curves for the CRE 15-3 pumps have more significant figures than the values found for the
Worthington D-824 pump.

When applying the average flow rate and discharge pressure data to the CRE 15-3 pump curve,
the power consumption of the pump was approximately 4.9 kW, being close to the recorded
value of 5.28 kW, the difference between the curve value and the measured value was
approximately 7.2%. The value used is referenced in the pump curve as P1, which is the power
input that the consumer has to pay for (refer to Appendix B.2 horsepower curves) [33]. (Note
that this is not the “pressure” as is found in the nomenclature, since P1 in the curve represents
horsepower.) By following the same procedure with the Worthington D-824 pump, the power
consumption of the pump using the curve values was approximately 7.6 HP, which is equivalent

to 5.67 kW. The average power consumption from the recorded data was 6.117 kW which gives
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approximately 7.31% difference between the two values. Therefore, since the recorded power
consumption results have small differences when compared to the pump curve values, it is
reasonable to say that the data gathered in this document is consistent with the pump curves for
both pump systems.

Another way to check that the power consumption data is consistent with the flow rate and
discharge pressure information is by calculating the hydraulic power of the pump in HP using
Eq. (5) [42] (See Appendix F for the derivation of Eq. (5).)

Q(GPM) x P(PSI)
1714.29x™

W(HP) = ©)

(Terms are defined in the Nomenclature)

Normally, the pressure used in Eq. (5) is the differential pressure between the pump’s discharge
pressure and the pump’s inlet pressure. However, since the inlet pressure for both pump systems
in this project was so low, i.e., an average inlet pressure of 1 PSI, the average discharge pressure
was used in Eq. (5). By entering the average flow rate and discharge pressure values of the CRE
15-3 pump system in its pump curve “software”, it showed that the pumps have an efficiency of
approximately 72%. When using all of these values in Eq. (5), the hydraulic power of the pump
was 5.206 HP, which is 3.88 kW. This power consumption is about 26.5% less than what was
obtained using the recorded values. However, according to Grundfos, in order to obtain the true
power consumption of the pumping system, one must use the efficiency of the pump and the
motor combined (the WEBCAPS pump curve provides a efficiency only considering the pump
as well as a combined efficiency of the pump and motor) [41]. The pump curve shows this
efficiency to be 58.7%. When using the pump and motor combined efficiency (58.7%), the
hydraulic power of the pump was 6.376 HP, or 4.754 kW. This value is 9.96% higher than the
value obtained through data gathering, which is closer than the value obtained when just using
the pump efficiency. Therefore, these values not only show that the data gathered for the power
consumption is fairly close to the two types of calculated power consumption, but also that the
combined pump and motor efficiency must be used when calculating the pumping system’s
hydraulic power. Since the comparison of the recorded power consumption values to the pump
curve power consumption values (given the flow rate and discharge pressure) was close, it is

assumed that the calculated hydraulic power is different due to the efficiency of the pump not
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being as high as expected. Thus, it is assumed that the pumps were running at a lower efficiency,
so that the calculated power consumption would be closer to the power consumption value

recorded.

When using Eqg. (5) to calculate the power consumption of the Worthington D-824 pump (using
an estimated pump efficiency of 69% obtained from the pump curve in Appendix B.1), the
power obtained is 6.72 HP which is equivalent to 5.01 kW. This value is about 18.1% lower than
the recorded value. Again, this could be due to the fact that the curve is only considering the
pump efficiency and not the combined pump and motor efficiency. Since the Worthington D-824
pump curve does not provide a combined efficiency like the Grundfos pump curve, it must be
estimated through calculations. This new efficiency value can be obtained by multiplying the
ratio of the calculated power consumption (5.01 kW) and the recorded power consumption
(6.117 kW) by the efficiency found in the pump curve (69%). By using this process, in order to
have the calculated power equal to the recorded power consumption value, the pump and motor
combined efficiency should be 56.51%. This value is lower than the one found in the pump
curve, however, the CRE 15-3 efficiency also dramatically dropped (from 72% to 58.7%) when
the pump and motor efficiencies were combined. Hence, this calculation could be considered a

fair estimate for what the Worthington D-824 combined pump and motor efficiency should be.

These two different approaches, which were used to verify how close the power consumption
obtained via data gathering was when compared to the values obtained from the pumps’
performances (flow, discharge pressure and efficiency) and their pump curves, will be employed

in all of the results included in Chapter 3.
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3.1.2 March 1 through March 14, 2012
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Figure 27: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for March 1-14, 2012
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Figure 27a: Daily Maximum and Minimum Ambient Temperatures for March 1-14, 2012

For the period of March 1 (Thursday) through March 14 (Wednesday) of 2012, Fig. 27 shows the
power consumption of the Grundfos CRE 15-3 and the Worthington D-824 pumps, where the
Grundfos CRE 15-3 ran from March 1 through March 7 and the Worthington D-824 ran from
March 7 through March 14. The average power consumption for the period that the Grundfos
CRE 15-3 pumps ran was 6.64 kW while the power consumption for the Worthington D-824 was
6.14 kW. Figure 27 shows the Grundfos pumps had a greater power consumption than the
Worthington constant speed pump during its first four days of operation that week. This was due
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to the plant’s higher demand for March 1 through March 5 as Fig. 28 shows flow rates higher

than 200 GPM for most of those dates due to colder weather.

The minimum and maximum outside temperature measurements for the period of March 1
through March 14 of 2012 are shown in Fig. 27a [45]. Just as in Section 3.1.1, the increase and
decrease in power consumption based on outside temperatures is a lot more noticeable during the
days that the Grundfos CRE 15-3 pumps were in operation, which is assumed to be due to their
variable speed capability. Even though these changes are more noticeable for the variable speed
pump, one can notice how the flow rate and power consumption of both pump systems showed
an increase as the outside temperatures decreased, and vice-versa; hence, showing the

relationship between the power plant’s water demand and the outside temperature.

As shown in Fig. 28, the average flow rate of the CRE 15-3 pumps from March 1 through March
7 was 179.1 GPM and the average flow rate of the Worthington D-824 from March 7 through
March 14 was 160.3 GPM. These values show that the power plant’s demand was higher during
the period that the CRE 15-3 pumps ran, explaining why this time the variable speed pumps had

higher power consumption when compared to the Worthington D-824.
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Figure 28: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for March 1-14, 2012

Since the Grundfos CRE 15-3 pumps still had a fixed set point of 44 PSI for its discharge
pressure, there was not much fluctuation when compared to the Worthington D-824 discharge
pressure as is shown in Fig. 29. The average discharge pressure for the Grundfos CRE 15-3
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pumps was 44.07 PSI while the average discharge pressure for the Worthington D-824 pump
was 43.55 PSI.

By using the CRE 15-3 pumps’ average flow rate and discharge pressure with the pump curve,
the power consumption of the system was 5.98 kW, being approximately 9.94% lower than the
recorded average power consumption. When following the same process with the Worthington
D-824 pump curve, the power consumption obtained was 7.2 HP which is equivalent to 5.37 kW.
The power consumption obtained from the Worthington D-824 pump curve is approximately
12.5% lower than the average recorded power consumption. These values show that the recorded
power consumption for both variable speed and constant speed pump systems was comparable to

the theoretical values obtained from their respective pump curves.

The pump and motor efficiency for the CRE 15-3 pump system at its recorded average flow rate
and discharge pressure (provided by the WEBCAPS pump curve [41]) was 58.6%. The hydraulic
power obtained for this pump system through the use of Eq. (5) was 7.86 HP, which is equivalent
to 5.86 kW, being approximately 11.7% lower than the average recorded value. The difference
between the recorded and calculated power consumption values obtained from Eq. (5) is higher
than the difference between the recorded power and power consumption value found in the pump
curve. However, the recorded power is still comparable to these two theoretical power

consumption values.
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Figure 29: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for March 1-14, 2012
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According to its pump curve, the Worthington D-824’s estimated pump efficiency at 160.3 GPM
is about 63% (the reader should note that these efficiencies were estimates obtained by referring
to the pump curves in Appendix B.1). Combining these values with the average discharge
pressure of 43.55 PSI in Eq. (5), the hydraulic power of this pump system was 6.46 HP, or 4.82
kW, which is approximately 21.5% lower than the recorded power consumption. Again, as
discussed in the results of the previous section, for the most part, it seems the constant speed
pump is running at a lower efficiency shown in its pump curves since the efficiency used appears
to take into consideration only the pump and not the pump and motor combined as the Grundfos
pump curve does. To obtain a value comparable to the recorded power consumption through the
use of Eq. (5), the pump and motor efficiency for this system is estimated to be approximately
49.5%. (The method for calculating this efficiency is explained in Section 3.1.1.) Again, this
shows that the pump system is running at a lower efficiency than the one shown in its theoretical
data since it seems that the pump curve does not take into consideration the combined pump and
motor efficiency.
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3.1.3 April 10 through April 23, 2012
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Figure 30: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 10-23, 2012
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Figure 30a: Daily Maximum and Minimum Ambient Temperatures for April 10-23, 2012

With respect to the power consumption during the period of April 10 (Tuesday) through April 23
(Monday), shown in Fig. 30, the average power consumption of the Grundfos CRE 15-3 pumps
from April 10 through April 17 was 5.18 kW, and the average power consumption of the
Worthington D-824 pump from April 17 through April 23 was 5.81 kW, which shows that, for
this period, both pump systems had fairly comparable power consumptions. Also, these power

consumption values were lower than the ones discussed in the previous results, which can be
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explained by the higher temperatures (which varied between high 40s to low 80 degrees
Fahrenheit) shown in Fig. 30a [45]. Since the steam demand of the plant was lower during this
period because of warmer weather, this caused the flow rate of water supplied to the system to
also be smaller (shown in Fig. 31), making both pump systems have smaller power consumption.

The average flow rates of the Grundfos CRE 15-3 and the Worthington D-824 pumps for the
period shown in Fig. 31 were 141.77 GPM and 138.89 GPM, respectively. The average
discharge pressure from the data found in Fig. 32 was 45.57 PSI for the Worthington D-824 and
44.09 PSI for the Grundfos CRE 15-3.

The values of the average flow rate and discharge pressure of each pump system can be used
with their respective pump curves to obtain the theoretical power consumption values for
comparison with the values obtained via data gathering. The power consumption found from
examining the CRE 15-3 pump curve of App. B.2 was 4.73 kW. This value is very close to the
average power consumption obtained through data gathering, since it is 8.69% lower than the
recorded 5.18 kW.
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Figure 31: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 10-23, 2012

The power consumption taken from the Worthington pump curve was 6.8 HP, which is
equivalent to 5.07 kW. This theoretical value is 12.7% lower than the recorded value, showing
how the value obtained through the data gathering system is still comparable to the theoretical

pump data.
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The pump and motor efficiency found in the Grundfos CRE 15-3 WEBCAPS pump curve at the
average flow rate 141.77 GPM and discharge pressure 44.08 PSI was 58.7% [41]. Inputting these
values into Eq. (5), the calculated power consumption was 6.21 HP which is equivalent to 4.63
kW. This value is 10.6% lower than the experimentally determined value, which again shows

that the gathered data is still close to this theoretical value.

According to the Worthington D-824 pump curve, its estimated efficiency at 138.89 GPM is
approximately 57% (refer to the first plots in Appendix B.1). Using these values with Eq. (5), the
hydraulic power was 6.47 HP, or 4.83 kW, which is 16.9% lower than the experimentally
determined power. This means that, given the average recorded flow rate and discharge pressure
of the Worthington D-824, to get an estimated hydraulic power from Eq. (5) equal to the
recorded power, the pump efficiency should be 47.4% instead of 57%. All experimentally
determined power consumption values discussed so far are fairly close to the values found on
their respective pump curves. For this reason, it is believed that this is sufficient proof that this
project can use the experimentally determined power consumption values for comparison of the
CRE 15-3 and Worthington D-824 pump systems.
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Figure 32: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 10-23, 2012

Figure 33 is an example of the differential pressure across the control valve when the

Worthington D-824 is operating and when the Grundfos CRE 15-3 system is running in
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discharge pressure mode. For this specific period of time, the average differential pressure across
the control valve when running the CRE 15-3 was 32 PSI, and when running the Worthington D-
824 it was 34.15 PSI. This shows that the control valve behaves similarly for both pumps when
the CRE 15-3 is running in discharge pressure mode. The pressure in the outlet side of the valve,
i.e., inside the deaerator tank, is approximately 9 PSI. Hence, the control valve drops whatever
pressure it receives at its inlet to 9 PSI, and that pressure drop is recorded as the differential
pressure shown in Fig. 33. This differential pressure data is not crucial information given the
scope of this project (hence, just a few results for each case will show this differential pressure
information); but it is necessary just to show that such a pressure drop exists when running the
pumps in discharge pressure mode, and that the control valve helps to maintain the pressure
before the deaerator tank so that the water has enough pressure to reach the heat exchanger
located on the first floor of the power plant (the heat exchanger will be taken into consideration
in Section 3.2).
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Figure 33: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 10-23, 2012
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3.1.4 April 24 through May 8, 2012
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Figure 34: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 24-May 8, 2012
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Figure 34a: Daily Maximum and Minimum Ambient Temperatures for April 24 through May 14, 2012

In the period of April 24 (Tuesday) through May 8 (Tuesday), the Grundfos CRE 15-3 pumps

ran from April 24 through May 1, having an average recorded power consumption of 4.86 kW,

and the Worthington D-824 pump ran from May 1 through May 8 with an average recorded

power consumption of 5.67 kW as shown in Fig. 34. Again, the warmer weather helped reduce

the steam demand of the power plant, consequently reducing the power consumption of the

pumps providing water to the system. Figure 34a shows the minimum and maximum outside
temperatures and fluctuations for the period of April 24, 2012 through May 8, 2012 [45]; from
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which one can notice a relationship between warmer weather and lower power consumptions and
flow rates. (For more data on the average temperature for the periods discussed, see Appendix
D)

The average flow rate for the CRE 15-3 pump system for the period shown in Fig. 35 was 132.28
GPM, and the average flow rate for the Worthington D-824 pump system was 130.72 GPM.
These averages show that, for this period of time, both pumps system provided very similar flow
rates of water to the system. However, the CRE 15-3 pumps consumed a smaller amount of
power when compared to the Worthington D-824 constant speed pump.

The average discharge pressure of the Grundfos CRE 15-3 pumps (from Fig. 36) was 44.07 PSI,
while the discharge pressure for the Worthington D-824 pump was 46.19 PSI. Using these values
in each pump’s respective curves, their theoretical power consumption was 4.73 kW for the
CRE 15-3 pumps and 4.87 kW for the Worthington D-824 pump. (The extra significant digits
were obtained by using the WEBCAPS pump curves for the Grundfos pumps [41], and by
converting horsepower information into kW for the Worthington Pump.) Again, this shows that
the recorded power consumption values were close to the theoretical values, being within 2.67%
(for the CRE 15-3 pumps) and 14.1% (for the Worthington D-824 pump) of each other.
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Figure 35: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 24-May 8, 2012
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The pump and motor efficiency of the Grundfos CRE 15-3 pump system at a 132.28 GPM flow
rate and a 44.07 PSI discharge pressure was 58.1% (obtained from the Grundfos” WEBCAPS
pump curves [41]). The calculated hydraulic power for this pump system using Eq. (5) was 4.36
kW (5.85 HP), which is 10.3% lower than the recorded average power consumption. According
to its curve, the Worthington D-824 pump has an approximate pump efficiency of 55% at a
130.72 GPM flow rate. Using this information, Eq. (5) gives a hydraulic power of 4.77 kW (6.40
HP), which is 15.9% lower than the recorded power consumption. Hence, for the calculated
hydraulic power to be the same as the recorded power consumption, the pump and motor

efficiency for the Worthington D-824 should be approximately 45.5%.
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Figure 36: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 24-May 8, 2012

As Fig. 37 shows, the differential pressure across the control valve was lower for the period
when the CRE 15-3 pumps were running; however, the pressure remained fairly consistent for
the entire period of operation of both pumps. The average differential pressure for the period that
the CRE 15-3 pumps ran was 31.48 PSI, and for the period that the Worthington D-824 pump
ran, it was 34.07 PSI.
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3.2 Case 2
3.2.1 April 15, 2013
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Figure 38: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 15, 2013.

For this set of results, each set of pumps ran for approximately two and a half hours with the heat
exchanger valve (located in the first floor of the power plant) closed and then approximately one
hour with the heat exchanger valve opened. This was done in order to check how the power
consumption, flow rate and discharge pressure of each pump differed when excluding the heat

exchanger from the system.

Figure 38 shows how both pump systems consumed much less energy when they did not provide
water to the heat exchanger. When the valve to the heat exchanger was closed, the average
recorded power consumption was 4.03 kW for the Worthington D-824 pump and 2.74 kW for
the Grundfos CRE 15-3 pumps. Even though Fig. 39 shows that the Worthington D-824 pump
had a lower average flow rate when compared to the Grundfos CRE 15-3 pumps (69.19 GPM
versus 78.08 GPM), the constant speed pump still consumed 32% more energy than the
Grundfos variable speed pumps. Figure 39 shows that the discharge pressure for the Worthington
D-824 was much higher when the valve to the heat exchanger was closed as compared to when it

was open.
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The pressure increase happened because, once water was no longer able to reach the heat
exchanger, all of the water was now supplied to the deaerator tank. This caused the control valve
to close more, creating more resistance in the system that forced the constant speed pump to
increase its discharge pressure in order to provide the required flow rate to the system. It must be
remembered that the Grundfos CRE 15-3 pumps were configured to run in discharge pressure
mode with a set point of 43 PSI for Case 2, so its discharge pressure did not fluctuate as much
again since it just maintained its set point value by reducing its speed when the control valve
restricted the flow into the deaerator tank. The average discharge pressure for the period with the
heat exchanger valve closed in Fig. 40 was 49.25 PSI for the Worthington D-824 pump and
42.99 PSI for the Grundfos CRE 15-3 pumps.

Given the average flow rate and discharge pressure for both pump systems, the Grundfos CRE
15-3 pump curve theoretical power consumption was 2.53 kW, being about 7.66% lower than the
recorded value. The Worthington D-824 pump curve theoretical power was approximately 4.10
kW (5.5 HP), being approximately 1.74% higher than the recorded results. Therefore, this shows
how the gathered values are still comparable to the theoretical pump curve values and how the
constant speed pumps consumed more power than the variable speed pumps while the heat

exchanger was not used.
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Figure 39: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 15, 2013.

The Grundfos CRE 15-3 pump and motor efficiency at a 78.08 GPM flow rate is approximately
58.9% [41]. The calculated hydraulic power found through Eq. (5) was 2.48 kW (3.326 HP),

72



which was about 9.49% lower than the recorded value. The Worthington D-824 pump efficiency
at a 69.19 GPM flow rate was approximately 35%, resulting in a calculated hydraulic power of
4.23 kW (5.67 HP), approximately 4.96% higher than the recorded power consumption. Hence,
the recorded power consumptions for the period that the heat exchanger valve was closed for
both pump systems were very close to their theoretical and calculated values. In Case 1, the
theoretical power consumption values for the Worthington D-824 pump were all lower than the
recorded results. A possible reason why the calculated theoretical values for the Worthington
pump in Case 2 (for the times when the heat exchanger valve was closed) are higher than the
recorded power consumptions could be the combination of lower estimated pump efficiencies at
lower flow rates and the higher discharge pressure being used in Eg. (5) when the heat exchanger

valve was closed. However, all theoretical values are still comparable to the recorded values.
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Figure 40: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 15, 2013.

For the period in which the heat exchanger valve was open, the average power consumption was
6.07 kW for the Grundfos CRE 15-3 and 5.43 kW for the Worthington D-824. The average flow
rate for the CRE 15-3 and the Worthington D-824 pumps were 171.2 GPM at an average 42.99
PSI discharge pressure and 152.2 GPM at an average 42.51 PSI discharge pressure, respectively.
In this set of results, the variable speed pump had to provide a higher flow rate, and consequently
a higher power consumption, to “feed” the heat exchanger when compared to the constant speed
pump. This also shows how the heat exchanger causes the pumps to consume a lot more power
when compared to the period which the heat exchanger valve was closed.
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The CRE 15-3 pump curve’s theoretical power consumption value at the average flow rate and
discharge pressure was 5.57 kW, being about 8.24% lower than the recorded power
consumption. The theoretical power consumption value from the Worthington D-824 pump
curves was approximately 5.22 kW (7 HP), about 3.87% lower than the recorded consumption.
Hence, the theoretical values obtained from the pump curves of both pump systems were very

comparable to the power consumption values obtained via data gathering.

The calculated pump hydraulic power for the CRE 15-3 pump system with pump and motor
efficiency of 58.7% (obtained from the pump curve’s WEBCAPS version [41]) at the 171.24
GPM flow rate was 5.45 kW (7.31 HP), about 10.2% lower than the recorded consumption.
Regarding the Worthington D-824 pump, its theoretical pump efficiency at 152.2 GPM s
approximately 60%, resulting in a calculated pump hydraulic power of 4.69 kW (6.29 HP), about
13.6 % lower than the recorded consumption. Therefore, so that the calculated power
consumption be similar to the recorded Worthington D-824 power consumption, the pump and

motor efficiency should be approximately 51.8 % instead of a pump efficiency of 60%.

3.2.2 April 16, 2013
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Figure 41: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 16, 2013.
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The average recorded power consumption for the period shown in Fig. 41 in which the heat
exchanger access valve was closed was 4.14 kW for the Worthington D-824 pump and 3.09 kW
for the Grundfos CRE 15-3 pumps. With respect to the period in which the heat exchanger
access valve was open, the CRE 15-3 and Worthington D-824 pumps’ recorded power
consumptions were 6.21 kW and 5.45 kW, respectively. Again, these results show how the
variable speed pumps consume less power than the constant speed pump when the water is just
delivered to the deaerator tank (which was the primary focus in the beginning of this project).
However, the Grundfos pumps tend to consume more energy when water is supplied to both the
deaerator tank and the heat exchanger. This could be due to the fact that the variable speed pump
system has a high head capacity but a low flow capacity, which caused it to work harder than
usual and consume much more power when it needed to provide greater flow rates to the system;

and when the flow requirements were small, it was able fulfill that demand with much less

power.
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Figure 42: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 16, 2013.

Given the flow rates displayed in Fig. 42, during the period in which the access valve to the heat

exchanger was closed, the Worthington D-824 pump provided an average 79.5 GPM to the
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system, while the Grundfos CRE 15-3 pumps provided an average 86.1 GPM. The corresponding
average discharge pressures shown on Fig. 43 were 48.8 PSI for the Worthington D-824 pump
and 43 PSI for the Grundfos CRE 15-3 pumps. When the access valve to the heat exchanger was
opened, those average flow rates changed to 159.3 GPM with a discharge pressure of 42.2 PSI
for the Worthington pump and 175.6 GPM with a 42.99 PSI discharge pressure for the Grundfos

pumps.
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Figure 43: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 16, 2013.
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Figure 44: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 16, 2013.

Figure 44 shows the differential pressure across the control valve for both pump systems when
they are running with the heat exchanger access valve open and closed. One can notice that,
when the heat exchanger valve is closed and the Worthington D-824 pump is in operation, the
differential pressure is slightly higher than when the valve is open. This correlates to the higher
discharge pressure that this pump had when running with the heat exchanger valve closed, where
the average differential pressure across the valve was 35.4 PSI. When the heat exchanger access
valve was opened, the differential pressure across the control valve dropped to an average 27.45
PSI while the Worthington D-824 pump was in operation, because its discharge pressure also
dropped. Since the Grundfos CRE 15-3 pumps have a set-point pressure when running in
discharge pressure mode, i.e., independently of the heat exchanger valve being open or closed,
the pumps maintain the same discharge pressure. Figure 44 shows how the differential pressure
across the control valve remained nearly the same when the CRE 15-3 pumps were in operation.
The average differential pressure for the time that the Grundfos CRE 15-3 pumps were operating
with the heat exchanger access valve closed was 30.11 PSI, and was 27.88 PSI when the access

valve was open.

The theoretical power consumption value obtained from the Grundfos CRE 15-3 pump curves
using the previously mentioned flow rates and discharge pressures was 2.8 kW for the period

when the heat exchanger was unused, being just under 9.39% of the recorded power
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consumption. For the period when the heat exchanger was in use, the theoretical power
consumption was 5.71 kW, which was about 8.05% lower that the recorded power consumption.
With the use of Eqg. (5) and a pump and motor efficiency of 58.7% [41], the calculated pump
hydraulic power for the Grundfos CRE 15-3 pumps during the period with no heat exchanger
was 2.74 kW (11.3% lower than the recorded value); and for the period when the heat exchanger
was in use, using a pump and motor efficiency of 58.5% [41], the calculated pump hydraulic

power was 5.62 kW (9.5% lower than the recorded power consumption).

The Worthington D-824 pump curve showed an approximate 5.5 HP, or 4.10 kW, theoretical
power for the period with the heat exchanger access valve closed, i.e., approximately 1% lower
than the recorded value, and approximately 7.1 HP, or 5.29 kW, theoretical power when the heat
exchanger access valve was open (2.93% lower than the recorded power consumption). The
pump efficiencies shown in the Worthington D-824 horsepower curve (Appendix B.1) for when
the heat exchanger access valve was closed and opened were approximately 38% and 61%,
respectively. Using these efficiencies and their respective flow rates and discharge pressures in
Eqg. (5), the average calculated pump hydraulic power for the Worthington D-824 was about 5.65
HP, i.e., about 4.21 kW (about 1.7% higher than the recorded consumption), for the period with
the heat exchanger not used and about 6.43 HP, or 4.79 kW (nearly 12.1% lower than the

recorded consumption) for the period with the heat exchanger in operation.

It seemed that the efficiency of the Worthington D-824 pump when the heat exchanger was not
in operation was low enough to have the hydraulic power comparable to the recorded power
consumption. However, when the heater exchanger was in operation, the difference between the
recorded and calculated power increased about 12.1%. This could mean that the combined pump
and motor efficiency (not shown in the pump curves) is similar to just the pump efficiency at
lower flow rates, but at higher flow rates, it plays a bigger role since the motor is having to do
more work with the pump, dropping the system overall efficiency. For this reason, in order for
the calculated average hydraulic power be the same as the average recorded power, given the
average flow rates and discharge pressures, the pump and motor efficiency should be
approximately 53.6% for the period during which the heat exchanger was in operation.
Nevertheless, even without this “recalculated efficiency” for the Worthington D-824 pump, the

different power values described in this set of results are still comparable to each other, thus
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showing how the equipment used in this project provided results that were very similar to the

theoretical information for the two different pump systems.

3.2.3 April 17, 2013
For the April 17, 2013 data set shown in Fig. 45, the average power consumption during the

period that the heat exchanger was not in operation was 4.01 kW for the Worthington D-824
pump and 2.74 kW for the Grundfos CRE 15-3 pumps. Once the access valve of the heat
exchanger was opened, those average power consumptions changed to 5.39 kW and 5.83 kW,
respectively. The Grundfos CRE 15-3 pumps consumed much less energy (about 31.7% less)
when compared to the Worthington D-824 pump during the period that the heat exchanger was
out of action. However, when the heat exchanger was in operation, just like all the results in Case
2, the Grundfos CRE 15-3 pumps had higher (but still fairly similar) power consumption when
compared to the Worthington D-824 pump.
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Figure 45: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 17, 2013.

The corresponding flow rates for the power consumption on April 17, 2013 are shown in Fig. 46.
The average flow rate for the period during which the heat exchanger did not have water
supplied was 70.7 GPM for the Worthington D-824 pump and 76.6 GPM for the Grundfos CRE
15-3 pumps. Once the pumps were allowed to provide water to the heat exchanger, the average
flow rates became 151.5 GPM (Worthington D-824) and 167.2 GPM (CRE 15-3).
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Figure 46: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 17, 2013.

Looking at Fig. 47, one can see that, except for the period during which the Worthington D-824
pump ran with the heat exchanger access valve closed, both pump systems kept very similar
discharge pressures during their hours of operation. When the heat exchanger access valve was
closed, the Worthington D-824 pump had a 49.2 PSI average discharge pressure and the
Grundfos CRE 15-3 pumps had a 43.0 PSI average discharge pressure. Once the access valve
was opened, the CRE 15-3 pumps continued with a 43.0 PSI average discharge pressure, while

the Worthington D-824 pump dropped its average discharge pressure to 42.98 PSI.
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Figure 47: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 17, 2013.
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When the heat exchanger access valve was closed, using the pump curves, the theoretical power
consumption found using the Grundfos” WEBCAPS [41] pump curve was 2.49 kKW for the CRE
15-3 pump system, i.e., 9.12% lower than the recorded power (with a 58.9% pump and motor
efficiency [41]), and 4.10 kW (5.5 HP) for the Worthington D-824 pump (35% pump efficiency),
i.e., 2.24% higher than the recorded power (the higher value is again, assumed to be due to the
lower pump efficiencies at lower flow rates and higher discharge pressure being used in Eq. (5)).
For the period with the heat exchanger access valve open, the theoretical power for the CRE 15-3
pumps was 5.44 kW (6.69% lower than the recorded power with a 58.8% pump and motor
efficiency [41]); and for the Worthington D-824 pump, it was 5.07 kW (5.94% lower than the

recorded power with a 60% pump efficiency).

For the period when no water was supplied to the heat exchanger, the calculated average pump
hydraulic power using Eq. (5) was 4.31 kW (5.79 HP) for the Worthington D-824 pump and 2.43
kW (3.26 HP) for the Grundfos CRE 15-3 pumps. The calculated power was just 7.48 % higher
than the actual recorded power consumption for the Worthington D-824, while the calculated
power for the CRE 15-3 was 11.3% lower than the recorded consumption value. Hence, these
results show a reasonable consistency between calculated and measured values for the period

during which the heat exchanger was not in operation.

Using the flow rate and discharge pressure values during which the heat exchanger was
operational, Eq. (5)’s hydraulic power results were 4.72 kW (6.33 HP) for the Worthington pump
and 5.31 kW (7.13 HP) for the Grundfos pumps. This time the calculated hydraulic power was
12.4% lower than the measured consumption for the Worthington D-824 pump, which could be
due to the fact that the motor efficiency plays a bigger role in higher flow rates; however, this
issue is not taken into consideration by the pump’s curves. For this reason, even though these
values were not too far apart from each other, in order to have the calculated average hydraulic
power to be the same as the measured average power consumption, given the average flow rates
and discharge pressure, the estimated combined motor and pump efficiency for the Worthington
D-824 pump should have been approximately 52.5%. With respect to the Grundfos pumps, the
calculated average hydraulic power was only 8.92% lower than the measured average power

consumption. Therefore, this set of results shows how the recorded and theoretical values from
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both pump systems for this period of Case 2 are also consistent enough to establish a fair

comparison between the power consumption values of these two pump systems.

3.2.4 April 18, 2013
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Figure 48: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 18, 2013.

The variation in power consumption for seven hours on April 18, 2013 is shown in Fig. 48 (with
the heat exchanger access valve closed). The average power consumption was 4.29 kW for the
Worthington D-824 pump and 3.47 kW for the Grundfos CRE 15-3 pumps. When considering
the time when the heat exchanger access valve was open, the Worthington D-824 had a 5.59 kW
average power consumption while the CRE 15-3 pumps average was 6.63. Again, these results
show that a lot more work was done by these pump systems when having to provide water to
both the deaerator tank and the heat exchanger. (For data on the average ambient/environmental

temperature for the periods discussed see Appendix D.)

As Fig. 49 shows, the Grundfos CRE 15-3 pumps had a higher flow rate for both periods of time,
i.e., when the heat exchanger access valve was open and closed, as compared to the Worthington
D-824 constant speed pump. However, the only period that it consumed more power was when
the access valve was open. That could be due to the fact that variable speed pumps are normally
more energy efficient when operating at lower flow rates as compared to constant speed pumps
that are more energy efficient at higher flow rates [5]. The average flow rates for the period with

the heat exchanger not operational was 86.2 GPM with an average 48.4 PSI discharge pressure
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(shown in Fig. 50) for the Worthington D-824 pump and 95.7 GPM with an average 43 PSI
discharge pressure for the Grundfos CRE 15-3 pumps. Once the heat exchanger became
operational, those average flow rates changed to 166.5 GPM at 41.4 PSI discharge for the
Worthington pump and 184.8 GPM at 43.0 PSI discharge for the Grundfos pumps.
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Figure 49: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 18, 2013.

Using the average flow rates and discharge pressures from the pump curves of each pump
system, when the heat exchanger access valve was closed, the theoretical power consumptions
for the Worthington D-824 and Grundfos CRE 15-3 pumps were 4.25 kW (5.7 HP with an
approximate 41% pump efficiency) and 3.16 kW (57.8% pump and motor efficiency),
respectively. The Worthington D-824 pump’s theoretical average consumption was 0.93% lower
than the recorded power and the CRE 15-3 pumps’ theoretical value was 8.93% lower than the
recorded power consumption. Regarding the period when the heat exchanger access valve was
open, the theoretical power consumption was 5.37 kW (7.2 HP with a 63% pump efficiency) for
the Worthington D-824 pump and 6.05 kW (58.1% pump and motor efficiency) for the Grundfos
CRE 15-3 pumps. These values were 3.93% (Worthington D-824) and 8.75% (Grundfos CRE
15-3) lower than the recorded power consumption values. Hence, these comparisons show how
consistent the values obtained with the sensors used in this project were when compared to the

theoretical values found in the pump curves of each system.
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Using Eq. (5) to calculate the pump hydraulic power for the Grundfos CRE 15-3 pump system,
the values obtained were 3.10 kW (4.153 HP) for the period with the heat exchanger access valve
closed and 5.95 kW (7.98 HP) for the period during which water was supplied to the heat
exchanger. These calculated values were 10.7% (access valve closed) and 10.3% (access valve
open) lower than the recorded power consumption values. The Worthington D-824 pump’s
calculated hydraulic power was 4.42 kW (5.93 HP) for when the heat exchanger access valve
was closed and 4.76 kW (6.38 HP) for the period with the access valve open. The calculated
hydraulic power for the period with the access valve closed was 2.94% higher that the recorded
power consumption; and, for the period with the access valve open, the hydraulic power was
28.2% lower than the recorded power consumption. This greater difference when the access
valve was open could be due to the fact that the motor efficiency (not taken into consideration in
the Worthington D-824 pump curves) plays a bigger role at higher flow rates. Thus, for the
hydraulic power to be the same as the recorded power consumption, given the used average flow
rate and discharge pressure, it is assumed the Worthington D-824 pump and motor efficiency

should be approximately 45.2%.
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Figure 50: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 18, 2013.

Figure 51 is another example of how the differential pressure across the control valve changed

during the operation of the Worthington D-824 pump when the heat exchanger valve was open
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and closed. While the Worthington D-824 pump was in operation with the access valve closed,
the average differential pressure was 34.25 PSI; and, when the access valve was open, the
average differential pressure dropped to 27.34 PSI. This difference was due to the higher
discharge pressure of the constant speed pump when the heat exchanger valve was closed. When
observing the differential pressure, during the period that the Grundfos CRE 15-3 pumps were in
operation, there was not much difference between the times when the heat exchanger valve was
open and closed. The average differential pressure across the valve was 29.85 PSI when valve
was closed and 27.09 PSI during the time that the valve was open. Again, this was due to the
discharge pressure set-point of the CRE 15-3 pumps, so that they could increase or increase their
speed in order to maintain the same discharge pressure based on the supply of water that the

system needed.
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Figure 51: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 18, 2013
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3.3 Case 3

3.3.1 April 30, 2013
For Case 3, the Grundfos CRE 15-3 pumps ran in level control mode with the control valve fully

open, since it was the pump’s speed that controlled the amount of water going into the deaerator
tank. The Grundfos pumps’ set point for its level control mode was 52%, i.e., the pumps tried to
provide a supply of water to maintain that deaerator tank water level at approximately 52% of its
capacity, a level that was established by the power plant’s staff. When running the Worthington
D-824 pump, the control valve still controlled the supply of water going into the deaerator tank,
since this pump always worked in the discharge pressure mode. Each set of pumps ran for a
period of approximately 3 hours each day for a total of two days with the heat exchanger access
valve closed. This provided a fair comparison for the power consumption of each pump while the
variable speed pumps ran in level control mode since, in this case, they were both just supplying

water to the deaerator tank.
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Figure 52: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 30, 2013.
As Fig. 52 shows, when the heat exchanger access valve was closed and the Grundfos CRE 15-3
pumps ran in level control mode, they consumed a lot less power than the Worthington D-824
pumps. The average power consumption for the CRE 15-3 pumps was 0.80 kW while, for the
Worthington D-824 pump, it was 3.84 kW. In terms of percentages, this means that, for
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approximately the same amount of operating time, the Grundfos pumps consumed about 79.2%

less energy than the Worthington pump.

When looking at the flow rates in Fig. 53, both sets of pumps seemed to have provided fairly
similar flow rates. However, Fig. 54 shows how the constant speed centrifugal pump discharge
pressure was much higher than that of the variable speed pumps. That difference in pressure was
due to the fact that the control valve was fully open when the Grundfos pumps were in operation,
and while the Worthington pump was running, the control valve was in operation in order to
manage the water supplied to the deaerator tank. The average flow rate for the Worthington D-
824 pump was approximately 56.7 GPM with a 49.7 PSI discharge pressure, and the Grundfos
CRE 15-3 pumps’ average flow rate was 56.1 GPM with a 13.1 PSI discharge pressure.
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Figure 53: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 30, 2013.

When plotting the average flow rate and discharge pressure values using the Grundfos CRE 15-3
WEBCAPS pump curve information, the theoretical power obtained was 0.687 kW with a pump
and motor efficiency of 47.5% [41]. Following the same procedure with the averages for the
Worthington D-824 pump, the estimated theoretical power obtained was 3.80 kW (5.1 HP) with
an approximate 30% pump efficiency. For the Grundfos CRE 15-3 pumps, the theoretical power
was about 14.1% lower than the recorded power, while for the Worthington D-824 pump, the

theoretical power was 1.04% lower than the recorded power. The difference between the
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theoretical and recorded power values for the Grundfos pumps seem high when compared to the
Worthington D-824 numbers, due to the fact that the values being dealt with are so small that
minor differences such as 0.15 kW lead to higher percentage differences. However, the recorded
power consumption values can still be considered comparable to the theoretical values found in

the pump curves.
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Figure 54: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 30, 2013.
The calculated average hydraulic power using Eq. (5) for the Grundfos CRE 15-3 pumps was
0.673 kW (0.903 HP), being 15.9% lower than the recorded power consumption. With respect to
the Worthington D-824 pump, the calculated average hydraulic power was 4.08 kW (5.48 HP),
6.25% higher than the recorded power consumption. (Again, it was assumed that the calculated
hydraulic power was higher than the recorded value due to the lower pump efficiency at lower
flow rates as well as the higher discharge pressure used in Eq. (5).) Even though the theoretical
and calculated data have a higher difference from the recorded data when compared to the results
of previous cases, this set of values still shows that less power was consumed by the variable
speed pumps in level control mode as compared to the Worthington D-824 power consumption

when the two pump systems were only supplying water to the deaerator tank.
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Figure 55: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control VValve for April 30, 2013

Figure 55 shows the differential pressure across the control valve when the heat exchanger valve
was closed and the Grundfos CRE 15-3 pumps were running in level control mode, as compared
to the Worthington D-824 pump results. Whenever the Grundfos CRE 15-3 pumps ran in level
control mode, the control valve was manually set to be fully open. For this reason, Fig. 55 shows
how the differential pressure across the valve was so low during the time the CRE 15-3 pumps
were in operation. The average differential pressure across the valve when the CRE 15-3 pumps
were running was 6.64 PSI. Even though the pressure was expected to be very close to zero once
the valve was fully open, the valve still provided a small pressure drop in the system.

The initial part of the blue line with the negative slope represents the amount of time it took the
pneumatic system that controls the valve to completely get rid of the air that controls the opening
and closing of the valve. The same idea follows for the initial part of the red line with a positive
slope, which represents the pneumatic system slowly providing air back to the control valve until
it was fully operational. The average differential pressure across the valve when the Worthington
D-824 pump was in operation was 34.91 PSI, which is very close to the differential pressure
measured in Case 2. Hence this shows how the control valve played a minor role when the CRE

15-3 pumps ran in level control mode.
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3.3.2 May 1, 2013
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Figure 56: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for May 1, 2013.

For the data shown in Fig. 56, the average power consumption of the Grundfos CRE 15-3 pumps

was 0.876 kW, while the average power consumption for the Worthington D-824 pump was 3.64

kW.
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Figure 57: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for May 1, 2013.
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The four large peaks present in the period between 9:00 and 10:30 in both Figs. 56 and 57
represent a time during which the level of the deaerator tank dropped below the set point of 52%
water capacity and the pumps had to increase the flow rate (and consequently power
consumption) to reach the chosen set point. The rapid increases in flow rates were manually
adjusted by this researcher in attempt to bring the level of water back to the desired set-point,
since the previously used lower flow rates were not enough to maintain the set-point. However,
as one can see in Fig. 58, the discharge pressure of the Grundfos pumps was not significantly
affected by those large changes in flow rate. Having that explained, the average flow rate for the
Grundfos CRE 15-3 pumps was 59.7 GPM with a 13.3 PSI average discharge pressure; and the
Worthington D-824 pump had a 47.9 GPM average flow rate with an average 49.9 PSI discharge

pressure.
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Figure 58: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for May 1, 2013.

The Grundfos CRE 15-3 pumps’ average theoretical power obtained from the WEBCAPS pump
curve, based on the average flow rate and discharge pressure, was 0.746 kW (with a 47.3% pump
and motor efficiency [41]), about 14.8% lower than the recorded power consumption. Using Eq.
(5) the calculated average hydraulic power was 0.730 kW (0.979 HP), 16.6% lower than the
recorded power consumption. The Worthington D-824 theoretical power was 3.73 kW (25%

pump efficiency), 2.47% higher than the average recorded power consumption. The calculated
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average hydraulic power for this pump was 4.16 kW (5.575 HP), 14.3% higher than the recorded
power consumption. Hence, these values still show that, when these two sets of pumps just
supplied water to the deaerator tank, the Grundfos CRE 15-3 pumps consumed considerably less
power than the Worthington D-824 pump when the Grundfos pumps ran in level control mode
rather than discharge pressure mode. However, by having the heat exchanger valve closed, one is
not considering the amount of steam that is being lost into the air instead of being reused by the

power plant as condensed water, which in the long run could increase the plant’s water costs.

3.4 Case 4

3.4.1 March 11, 2013
The next series of results was obtained following the procedures for Case 4 explained in Section

2.3. The Grundfos CRE 15-3 pumps ran in level control mode with the control valve by the
deaerator tank fully opened, while the Worthington D-824 constant speed pump still worked
together with the control valve to limit the flow of water going into the deaerator tank. Each
pump ran for a total of approximately five hours every day for a total of ten days (data of only 3
days is show in this section). This information was gathered before realizing that the variable
speed pumps were not able to provide water to the heat exchanger on the first floor of the power
plant due to their low discharge pressure when running in level control mode (as the dates shown
in this section predate the results obtained for Case 3). Since the Worthington D-824 pump was
still supplying water to both the deaerator tank and the heat exchanger, while the Grundfos CRE
15-3 pumps were just supplying water to the deaerator tank, this set of results are not a fair
comparison of power consumption values to be used in a life cycle cost analysis between these
two sets of pumps. However, based on the results from Case 2, very rough estimates can be made
to approximate the power consumption and flow rates in Case 4 if the heat exchanger were

excluded.

Between having the heat exchanger access valve closed and open, based on all the dates that data
was gathered for the Worthington D-824 pump in Case 2, the average difference in flow rate was
80 GPM lower whenever the access valve was closed with an average 6.63 PSI higher discharge
pressure. Also, comparing the power consumption values, every time the heat exchanger valve
was closed, the Worthington D-824 pump consumed an average 1.35 KW less power than when
the access valve was open. Since this average was consistent for all of the data recorded in Case
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2, in order to have rough estimates for Case 4 when comparing Grundfos CRE 15-3 and
Worthington D-824 pumps’ power consumption and flow rates, 1.35 kW and 80 GPM were
deducted from the average power consumption and flow rates, respectively, while increasing
6.63 PSI in the average discharge pressure. Again, these very rough estimates have been made as
an attempt to fairly compare the two sets of pumps by trying to exclude the heat exchanger from
the work done by the Worthington D-824 pump.
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Figure 59: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for March 11, 2013.

Based on the information presented in Fig. 59, the average power consumption for the
Worthington D-824 pump during March 11, 2013 was 5.82 kW. However, by using estimates
from Case 2, and subtracting 1.35 kW from that value, this should represent a rough
approximation of the constant speed pump’s power consumption if the heat exchanger was taken
out of consideration. So the average power consumption for the Worthington D-824 pump would
be 4.47 KW. However, no matter what power consumption from the Worthington D-824 pump
that the Grundfos results are compared to, the Grundfos power consumption is still significantly

smaller by running in level control mode.

The curve representing the power consumption of the Grundfos CRE 15-3 pumps show large
changes in power consumption in the beginning, and, as time passed, the curve became fairly
damped. This is present in the graph, showing the damping that was manually performed by this

author using the R100 remote control. This was done by simultaneously changing the minimum
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and maximum speeds that the pumps could reach until a small difference between minimum and
maximum allowable speeds was reached based on the demand of water necessary to keep the
level of the deaerator tank at the desired set point; increasing or decreasing these minimum and
maximum speed boundaries depending how the demand of the power plant changed throughout
the day. This is the kind of damping that the pumps’ controller was expected to perform

automatically; but unfortunately damping had to be manually performed by this author.

Having that explained, the Grundfos CRE 15-3 pumps’ average power consumption was 2.14
kW. This shows how both pumps for this period consumed more power than when compared to
the periods shown for Case 3. This was due to the colder weather during the days data was
gathered for Case 4. (For data on the average temperature for the periods discussed, see
Appendix D.)
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Figure 60: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for March 11, 2013.

The average flow rate for the Worthington D-824 pump, based on the data shown in Fig. 60, was
194.1 GPM, while the average flow rate for the Grundfos CRE 15-3 pumps was 134.3 GPM.
Again, these higher flow rates suggest that the power plant’s demand was higher than in the
previous cases, so the subtraction of 80 GPM from the constant speed pump flow rate (to attempt
to remove the extra work done for the heat exchanger) is a very rough estimate, since a part of
that could be going into the deaerator tank due to the higher demand. By “excluding” the heat

exchanger, the Worthington D-824 pump’s average flow rate would be approximately 114.1
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GPM if 80 GPM was subtracted from the average recorded flow. From Fig. 61, the average
discharge pressure for the Worthington D-824 pump was 38.4 PSI (estimated to be 45 PSI if
excluding the heat exchanger by adding 6.63 PSI), and an average of 16.8 PSI for the Grundfos
CRE 15-3 pumps.

When plotting the average flow rate and discharge pressure of the Grundfos CRE 15-3 pumps on
their pump curve, the theoretical power obtained was 2.02 kW (with a 49.7% pump and motor
efficiency [41]), which is 5.6% lower than the recorded power consumption. The theoretical
power consumption for the Worthington D-824 when using the actual average flow rate and
discharge pressure was 5.66 kW (68% pump efficiency), about 2.75% lower than the recorded
power. When using the altered flow rate and discharge pressure, the theoretical power was 4.70

kW (50% pump efficiency), about 5.15% higher than the estimated power consumption.
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Figure 61: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for March 11, 2013.

The Grundfos CRE 15-3 pumps’ calculated average hydraulic power (using Eq. (5)) was 1.97
kW (2.64 HP), 7.94% lower than the recorded power consumption. With respect to the
Worthington D-824 pump, the average hydraulic power was 4.77 kW (6.39 HP) when using the
actual recorded values, which is about 18% lower than the average recorded power consumption.
This means that, for the calculated average hydraulic power to be the same as the recorded

power, the motor and pump combined efficiency should be approximately 55.7% instead of 68%.
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When using the estimated flow rate and discharge pressure, the calculated average hydraulic
power was 4.46 kW (5.99 HP), which was within 7.62% of the modified recorded power
consumption. Hence, after accounting for the heat exchanger’s requirements, recorded values for
this set of results have differences from the pumps’ theoretical values which are similar to those

seen in Cases 1 through 3.

3.4.2 March 19, 2013
Based on the information for the period shown in Fig. 62, the average power consumption for the

Grundfos CRE 15-3 variable speed pumps was approximately 1.44 kW, while the Worthington
D-824 constant speed pump’s average power consumption was 5.47 kW. Once the power that
was assumed to be required to supply water to the heat exchanger was removed (about 1.35 kW),

the estimated average power consumption became 4.12 kW.
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Figure 62: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for March 19, 2013.

The average flow rate for the Grundfos CRE 15-3 pumps during the period shown in Fig. 63 was
96.4 GPM, and the average recorded discharge pressure for the data presented in Fig. 64 for this
set of pumps was 15.6 PSI. The Worthington D-824 pump’s average recorded flow rate and
discharge pressure were 158.4 GPM and 41.8 PSI, respectively. The average estimated flow rates
and discharge pressure, i.e., the values that were estimated if the constant speed pump was just

supplying water to the deaerator tank, were 78.4 GPM and 48.4 PSI.
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The Grundfos CRE 15-3 pumps’ theoretical average power was 1.34 kW (49.9% pump and

motor efficiency), which is 6.94% lower than the average recorded value. The theoretical power

consumption for the Worthington D-824 pump using the average recorded values was 5.29 kW

(62% pump efficiency), approximately 3.29% lower than the recorded value; and when using the

estimated values obtained by not considering the heat exchanger while the Worthington D-824

pump was running, the calculated theoretical power was 4.17 kW (38% pump efficiency),

approximately 1.21% higher than the estimated 4.12 kW power consumption obtained from

measurements.
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Figure 63: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for March 19, 2013.
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Figure 64: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for March 19, 2013.
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Using Eq. (5), the average calculated hydraulic power obtained for the Grundfos CRE 15-3
pumps was approximately 1.30 kW (1.75 HP), about 9.72% lower than the recorded power
consumption. The average calculated hydraulic power for the Worthington D-824 pump was
approximately 4.65 kW (6.23 HP) when using the average recorded flow rate and discharge
pressure (about 15% lower than the recorded power consumption); and 4.30 kW (5.77 HP) when
using the estimated flow rate and discharge pressure (about 4.37% higher than the estimated

power consumption).
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Figure 65: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for March 19, 2013

Based on the data shown in Fig. 65, when operating the Grundfos CRE 15-3 pumps in level
control mode with the control valve fully open, the average differential pressure across the valve
was 3.37 PSI. This just shows how the control valve did not play a major role in controlling the
supply of water that the CRE 15-3 pumps provided to the deaerator tank. This is because the
CRE 15-3 pumps were increasing and decreasing the flow based on the level of water in the
deaerator tank. Hence, this shows that a control valve is not necessary when the Grundfos pump
is supplying water to the system in level control mode. However, as observed in Fig. 64, due to
the CRE 15-3 pumps’ low discharge pressure when supplying this flow, they could only supply
water to the deaerator tank and not the heat exchanger. On the other hand, once the Worthington

D-824 pump was in operation and the control valve was turned on, the average differential

98




pressure was 27 PSI, controlling the supply of water going into the deaerator tank and also
allowing water to be provided to the heat exchanger. Hence, these figures and values show that,
even though the Grundfos CRE 15-3 pumps consumed less energy to supply water to the system,
while in level control mode, they could not supply water to the heat exchanger like the
Worthington D-824 pump.

3.4.3 April 2, 2013
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Figure 66: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 2, 2013.
Given the data presented in Fig. 66, the average power consumption for the approximate five
hour period that the Grundfos CRE 15-3 pumps ran was about 1.22 kW, while the average power
consumption for the Worthington D-824 pump was about 5.43 kW. By using the same reduction
as applied to the previous two sets of results, it is estimated that the power consumption for the
Worthington D-824 pump would have been 4.08 kW, if no water was being supplied to the heat

exchanger.

For the Grundfos CRE 15-3 pumps’ flow rate data shown in Fig. 67, the average was 89.4 GPM,
and the Worthington D-824 pump’s average flow rate was 155.9 GPM. The estimate for the flow
rate if the Worthington D-824 pump was not supplying water to the heat exchanger would be

approximately 75.9 GPM. The average discharge pressures for the Grundfos CRE 15-3 pumps
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and the Worthington D-824 pump obtained for the data presented in Fig. 68 were 14.9 PSI and
42.5 PSI, respectively. Again, assuming no water was supplied to the heat exchanger while the
Worthington D-824 pump operated, the estimated discharge pressure would have been
approximately 49.13 PSI.
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Figure 67: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 2, 2013.

When plotting the average recorded flow rate and discharge pressure on the Grundfos CRE 15-3
WEBCAPS pump curve, the obtained theoretical power was 1.21 kW (48.9% pump and motor
efficiency [41]), just 0.82% lower than the recorded average consumption. With respect to the
Worthington D-824 pump, when using the actual average recorded flow rate and discharge
pressure on its pump curve, the theoretical average power was 5.22 kW (61% pump efficiency),
about 3.87% lower than the average recorded power consumption. The average theoretical power
obtained when using the estimated values was 4.18 kW (37% pump efficiency), approximately
2.45% higher than the estimated power consumption if no water was being supplied to the heat

exchanger.

Finally, the calculated average hydraulic power found for the Grundfos CRE 15-3 pumps by
using Eq. (5) was 1.18 kW (1.59 HP), approximately 3.28% lower than the average recorded
power consumption. When using the actual recorded flow rate and discharge pressure, the
Worthington D-824 pump’s average calculated hydraulic power was 4.73 kW (6.34 HP),
approximately 12.9% lower than the average recorded power. By using the estimated values in
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Eq. (5), the calculated average hydraulic power was 4.38 kW (5.88 HP), approximately 7.35%

higher than the power consumption that was estimated for no water being supplied to the heat

exchanger.
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Figure 68: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 2, 2013.
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Figure 69: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 2, 2013
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The average differential pressure across the control valve, shown in Fig. 69, was 3.38 PSI during
the time the Grundfos CRE 15-3 pump was in operation. Again, this low differential pressure
was due to the fact that the pneumatic system that controls the valve was shut off, causing the
valve to remain fully open. In this case, the valve did not control the amount of water being
supplied to the deaerator tank, since the CRE 15-3 pumps were doing that by increasing and
decreasing the flow of water supplied to the tank based on its water level. When the Worthington
D-824 pump was in operation, the average differential pressure across the valve was 26.72 PSI,
which is very similar to the values obtained for the previous cases where the heat exchanger
valve was open. However, only the Worthington D-824 pump was able to provide water to the
heat exchanger in this case, since, when running in level control mode, the discharge pressure of
the Grundfos CRE 15-3 pumps was not high enough to be able to provide water for the heat

exchanger.

In conclusion, based on the comparisons made in all four cases between the power consumption
recorded values and their theoretical calculated values, the data gathered through the sensors and
data loggers in this project is reliable enough to be used as the basis for the comparison between
energy expenditures in the life cycle cost analysis for the Grundfos CRE 15-3 variable speed
pumps and the Worthington D-824 constant speed pump. The rough estimates made in Case 4
make the comparison between the two sets of pumps less trustworthy when compared to the first
three cases. Therefore, even though a life cycle cost analysis shall be made for all four cases, one
should consider only the first three cases to be more adequate comparisons.
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Chapter 4: Life Cycle Cost Analysis
The life cycle cost analysis was performed using the BLCC software provided by the DOE [25],

following the procedure shown in Section 2.4 of this document. A total of eight life cycle cost
analyses were performed with the BLCC software, i.e., one for Case 1, two for Case 4, and three
for Cases 2 and 3. For Case 2, the pumps were used in two different ways: i) pumps supplied
water only to the deaerator tank, ii) pumps supplied water to both the deaerator tank and the heat
exchanger. The two different analyses for Case 4 include: i) comparing the Worthington D-824
pump supplying water to the deaerator tank and the heat exchanger to the CRE 15-3 pumps just
supplying water to the deaerator tank, ii) comparison of both pump systems just supplying water
to the deaerator tank based on power consumption estimates made for the Worthington D-824
pump (using data from Case 2). The life cycle cost analyses made for Cases 1 through 3 should
be considered more reliable because several more estimates were made in Case 4. These
estimates were made in order to try to predict the power consumption of the Worthington D-824
constant speed pump if it only supplied water to the deaerator tank, so that a fair comparison
between the power consumption of this pump and that of the Grundfos CRE 15-3 pumps could

be made.

As mentioned in Section 2.2 of this document, since the CRE 15-3 pumps’ data gathering system
did not record the power consumption data in equal intervals like the system used for the
Worthington D-824 pump, the average power consumption was used to calculate the energy
consumption of both pump systems. Also, the power consumption of the pumps was assumed to
be directly related to the steam production of the power plant, i.e., the higher the amount of
steam produced by the plant, the higher the power consumed by the pumps, which is due to the
amount of water they needed to provide if order for the boilers to meet the steam demands. For
this reason, when estimating the average energy consumption for each month in which the power
consumption data was gathered, if the average steam production from the days that the data was
gathered was close to (within 10%) or higher than the average steam production of that whole
month, the average recorded power consumption was then just multiplied by the amount of hours
in that month to obtain the average energy consumption (kWh) for the whole month. (Energy
consumption values for Cases 1, 2 and 4 were found in this manner.) If the steam produced
during the days when power consumption data was recorded was much lower than that month’s

average steam production (for Case 3), daily average energy consumption values were estimated
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by multiplying the energy consumption from the day on which data was known, by the ratio of
steam production from the desired day to the steam production of the known day. A
representation of this estimate can be seen below in equation format (see Appendices G through
J for hand calculations and better representations of the estimates made for each Case):

Energy cons.of Desired Day (kWh) =

Desired day steam prod.(lbs) (6)
Steam prod.on day with known energy cons.(lbs)

energy cons. known day (kWh) X

To obtain the estimated energy consumption of each pump for the months in which data was not
recorded, the energy consumption of the known month (months in which data was gathered) was
multiplied by the ratio of steam production from the unknown month to the known month. Once
the average energy consumption of every month for a 12 month period was estimated for each
Case, these consumption values were added together and input into the BLCC software as being
the estimated total annual energy consumption of the pump under consideration. It is important
to recall that these calculations are just estimates for the annual energy consumption of each
pump system which are used as an input for annual consumption in the BLCC software, so that a

life cycle cost analysis could be performed for each case discussed in this document.

With respect to water costs, the BLCC divides the water usage between summer and winter
rather than monthly usage. Since the power plant provided information for the amount of water
bought from the city for every month, the power plant’s water usage from April through
September was considered summer and October through March was considered the winter water
usage. In all four cases, the same total water usage for their respective 12 month period was
applied for both pumps in the life cycle analysis. Also, the seal replacement costs (presented as
“Component: Initial Costs” under “Replacement to Capital Components” in Appendices K
through P) and labor (presented as “Annually Recurring Costs” under “Operating, Maintenance
& Repair Costs” in Appendices K through P) were considered to be the same for both pumps.
The costs that were different between the two pumps, besides their energy expenditures and
initial purchase costs (presented as “Yearly Cost” under “Initial Capital Costs” in Appendices K
through P), were the motor/impeller replacement costs (presented as “Non-Annually Recurring
Costs” under “Operating, Maintenance & Repair Costs” in Appendices K through P). It was

found that the CRE 15-3 pumps have a higher cost as compared to the Worthington D-824 pump

104



(US$1,000 for the Worthington D-824 versus US$2,000 for the CRE 15-3) [33]. For this reason,
the variables that mainly influenced these pumps’ life cycle costs were their initial costs and their
energy expenditures and motor/impeller costs. One must recall that all values that the BLCC
software provides for energy, water and total life cycle costs are calculated in present value using
the equations from Table 1 that are described in Section 2.4 of this document.

4.1Casel
In Case 1, both the CRE 15-3 and the Worthington D-824 pumps were running in discharge

pressure mode, providing water to both the deaerator tank and the heat exchanger. Since data
was gathered starting in February of 2012, in order to have the total energy consumption for 12
months (1 year), calculations were made to obtain energy consumption values from February
2012 through January 2013. The water usage of the plant was also based on the information
provided by the power plant staff for these twelve months. See Appendix G for the estimated
energy consumption hand calculations made for this case based on the gathered power
consumption data. The amount of power consumed by the pumps is directly related to the
amount of steam produced by the power plant. Thus, the average power that was necessary to
produce steam during the days for which data was gathered could serve as a good estimate of the
average power that would be necessary to produce steam during that month. If the average steam
production of the day in question was similar (within 10%) to the average daily steam production
of the month, the average recorded power consumption could be used to predict the total power
consumption in that month. The higher average steam productions were used in these
calculations so as not to underestimate the power consumption of the pumps. The average steam
generated on the days that data was gathered in February, March and April of 2012 was within
10% of the average of the daily steam production for each of those months. For all Cases, there
was no occasion that the average steam production for the days during which data was gathered
was higher than 10% as compared to the daily average steam production for the month.
However, there were situations wherein the days during which data was gathered had steam
production that was more than 10% below the daily average for that month. For these months,
the ratios of daily steam production were used to modify the measured energy consumption
values (for use in the life cycle cost analysis) so as not to underestimate the cost of the power

consumption of the pumps. See tables in Appendix E for the steam production averages.
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Based on the gathered data and calculations shown in Appendix G, the Worthington D-824 pump
had an estimated energy consumption of 53,394.6 kWh ($4,218.00 average annual cost), while
the Grundfos CRE 15-3 pumps’ estimated energy consumption was 53,621.5 kWh ($4,236.00
average annual cost). Since this document is taking into consideration a 20 year study period in
the life cycle cost analysis of this project, according to the BLLC software calculations, the
present value of the total energy cost for the Worthington D-824 pump was $72,599 ($5,109
annual cost), and the present value of the total energy cost for the Grundfos CRE 15-3 pumps
was $72,876 ($5,128 annual cost). These values include the annual electricity demand charge of
$480.00 that the city of Lawrence charges the power plant every year. This shows that, in a 20
year period, the CRE 15-3 pumps would only consume 226.9 kWh more than the Worthington
D-824 pump, which translates into $277 of extra cost. However, taking in consideration the
length of the study period, this difference is so minimal that one could consider that both pumps

are equivalent in their energy consumption and costs for this case.

With regard to estimated water usage for Case 1 for the 20 year period, i.e., the amount of water
that the power plant had to buy from the city, the power plant’s water usage was 1,696,280
gallons during the summer periods and 3,659,400 gallons during the winter periods. Even though
the water is divided into two different periods, the water cost is still $0.00287 for both winter and
summer [31]. The cost in present value of this make-up water according to the BLCC software
was $229,021.00 ($16,116.00 annual cost), which was the water usage cost used for both pump

system.

Once all replacement costs ($2,000 in seals for both pumps), maintenance (motor/impeller:
$2,000 for Worthington D-824 pump and $4,000 for the Grundfos CRE 15-3 pumps), labor
($20,000 for both pumps), energy and water costs were taken in consideration, the total life cycle
costs in present value for the Worthington D-824 and Grundfos CRE 15-3 pumps were
$332,119.00 ($23,370.00 annual cost) and $342,896.00 ($24,129.00 annual cost), respectively.
Therefore, when running in discharge pressure mode, the CRE 15-3 pumps’ total life cycle cost
was $10,777.00 more than that of the Worthington D-824 pump. As shown on the previous page,
this difference is not due to the small difference between the pumps’ energy consumption values,
but it is due to the differences in the initial capital costs and the motor/impeller replacement

costs. Again, for a study period of 20 years, this difference in costs is not very significant when
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looking at the total amount of money spent on these two pump systems. For this reason, one
could say that these pumps have similar life cycle costs when the Grundfos CRE 15-3 pumps are
running in discharge pressure control mode, just like the Worthington D-824 pump. See
Appendix K for the Detailed LCC Report for Case 1. Table 4 shows a summary of the total life
cycle costs for each pump (excluding the water costs since these costs are the same for both

pump systems).

Table 4: Case 1 - Total Life Cycle Cost Summary

Worthington D-824 |Grundfos CRE 15-3
Investment Cost $6,500 $15,000
Energy annual Usage 53,394.6 kWh 53,621.5 kWh
Energy Consumption Costs $65,181 $65,458
Energy Demand Charges $7,417 $7,417
Motor/Impeller Costs $2,000 $4,000
Seals Cost $2,000 $2,000
Total Life Cycle Cost $83,098 $93,875
4.2 Case 2

For Case 2, the Grundfos CRE 15-3 pumps ran in discharge pressure mode, just like Case 1, in
order to replicate the same work done by the Worthington D-824 constant speed pump.
However, this time, two scenarios were produced: i) both pump systems provided water to both
the deaerator tank and the heat exchanger, ii) both pump systems provided water only to the
deaerator tank by having the heat exchanger access valve closed. Since the data for Case 2 was
gathered in April of 2013, the 12 month energy estimates were made from May 2012 through
April 2013, based on the energy consumption estimates calculated for April 2013. See Appendix
H for the hand calculations for power and energy consumption estimates for Case 2. Again, just
as for Case 1, the average steam produced during the days data that was gathered in April (15-
18) was higher than (but within 10% of) April’s daily average. As discussed in Section 4.1, the
average power consumption of the pumps to produce steam during those days served as a good
prediction of the average power that would be necessary to produce steam during that month. See

the April of 2013 Table in Appendix E for these averages.

4.2.1 Heat Exchanger Access Valve Open
Based on the calculations shown in Appendix H, the estimated annual energy consumption for

the Worthington D-824 and the Grundfos CRE 15-3 pumps were 43,620.5 kWh ($3,446.00
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annual cost) and 49,410.4 kWh ($3,903.00 annual cost), respectively. For the 20 year life cycle
cost period, the present value of the total energy consumption cost for the Worthington D-824
pump was $60,667.00 ($4,269.00 annual cost including the $480.00 electricity demand charges),
and for the CRE 15-3 pumps, it was $67,735.00 ($4,766.00 annual cost including the $480.00
electricity demand charges). The CRE 15-3 pumps had $7068.00 more in electricity costs in the
20 year study period than the Worthington D-824 pump. This difference is higher than that found
in Case 1, which could be due to the different month in which the data was gathered for the
pumps. However, the difference is still minimal based on the length of the study period, showing
that the pumps still have similar energy consumption values when the Grundfos CRE 15-3
pumps are running in discharge pressure mode. Also, this calculation does not account for
differences between the pump flow rates versus power over their operational time periods (see
Figs. 38-49).

Based on the amount of make-up water shown in the tables in Appendix E, for Case 2, the power
plant’s water usage was 2,055,900 gallons during the summer and 4,391,860 gallons during the
winter. For a total of 20 years, the present value [calculated by the BLCC software] of money
spent on water based on these quantities was $275,720.00 ($19,402.00 annually), which was

used in the life cycle cost analysis for both pump systems.

The total life cycle cost in present value for the Worthington D-824 pump was $366,887.00
($25,817 annual value), and $384,455.00 ($27,053.00 annual value) for the Grundfos CRE 15-3
pumps. Therefore, in a 20 year study period, to run and maintain the Grundfos CRE 15-3 pumps,
it would cost $17,568.00 more than when using the Worthington D-824 pump (about $1236.00
difference per year). This shows that, for pump operation in discharge pressure mode as in this
part of Case 2, it would not be advantageous to have a variable speed pump in this application
due to its initial cost and the relatively similar energy consumption as compared to the
Worthington D-824 pump. See Appendix L for the Detailed LCC report for this part of Case 2.

Table 5 shows a summary of the total life cycle costs for each pump (excluding the water costs).
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Table 5: Case 2 Heat Exchanger Valve Open - Total Life Cycle Cost Summary

Worthington D-824 |Grundfos CRE 15-3
Investment Cost $6,500 $15,000
Energy annual Usage 43,620.5 kWh 49,410.4 kWh
Energy Consumption Costs $53,250 $60,318
Energy Demand Charges $7,417 $7,417
Motor/Impeller Costs $2,000 $4,000
Seals Cost $2,000 $2,000
Total Life Cycle Cost $71,167 $88,735

4.2.2 Heat Exchanger Access Valve Closed - Method A
The 12 month period in which the energy consumption data was estimated for this section is the

same as in Section 4.2.1, i.e., May of 2012 through April of 2013. Since the period is the same,
the make-up water amount and cost is also the same for both pump systems. The only difference
is that their total energy consumption now consists of the energy needed to only supply water to
the deaerator tank. See Appendix H for energy consumption hand calculations for Case 2 when

heat exchanger value was closed.

With the heat exchanger access valve closed, the Worthington D-824 pump had an estimated
annual energy usage of 32,879 kWh ($2,597.00 average annual cost), while for the Grundfos
CRE 15-3 pumps, their annual energy usage was estimated to be 24,037.1 kWh ($1,899.00
average annual cost). In present value, for the 20 year study period, the total energy cost to run
the Worthington D-824 pump was $47,557.00 ($3,346.00 annual value), and $36,760.00
(%$2,587.00 annual value) for the Grundfos CRE 15-3 pumps. This shows that, if the power plant
did not have to supply water for the heat exchanger, when running in discharge pressure mode,
the CRE 15-3 pumps would save $10,797.00 in energy costs as compared to the Worthington D-
824 pump. This projection is not taking into account how much steam would be lost into the
atmosphere and how much extra water would have to be bought from the city if all of this steam
is lost, which would increase the water expenses that the power plant has; not to mention that the
heat exchanger would not be helping maintain the temperature of the water that the system needs
in order to keep the plant’s efficiency high as discussed in Section 1.4 of this document. Also,
from a financial perspective, based on the size of the operations that the power plant has, a $688
annual value difference could be not considered that significant when compared to the difference

in the initial capital cost of these two pump systems.
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The total life cycle cost for running the Worthington D-824 pump based on present value was
$353,775.00 ($24,894.00 annual value), while for the Grundfos CRE 15-3 pumps, it was
$353,481.00 ($24,874.00 annual value). In a 20 year period, the CRE 15-3 pumps would only be
saving the power plant $294.00, which again shows how these pumps are fairly equivalent in
expenses in a 20 year study period. Hence, even though the CRE 15-3 pumps save some money
in energy costs, they do not justify the initial investment costs. See Appendix M for the detailed
LCC report for this case. Table 6 shows a summary of the total life cycle costs for each pump

(excluding the water costs).

Table 6: Case 2 - Heat Exchanger Valve Closed - Method A - Total Life Cycle Cost Summary

Worthington D-824 |Grundfos CRE 15-3
Investment Cost $6,500 $15,000
Energy annual Usage 32,879.0 kWh 24,037.1 kWh
Energy Consumption Costs $40,137 $29,343
Energy Demand Charges $7,417 57,417
Motor/Impeller Costs $2,000 $4,000
Seals Cost $2,000 $2,000
Total Life Cycle Cost $58,054 $57,760

4.2.3 Heat Exchanger Access Valve Closed - Method B
Whenever the heat exchanger valve is closed, it is assumed that all the water that is supplied by

the CRE 15-3 pumps or the Worthington D-824 pump flows into the deaerator tank, and is all
turned into steam given there is no recirculation of water back to the condensate storage tanks.
For this reason, another method that can be used to find each pump’s energy consumption in this
situation is to divide the average power consumption of each pump by their respective average
flow rate (kW/GPM). Once this is found, these units can be converted to (kJ/Ib (mass)) in order
to find approximately how much energy each pump consumes to essentially produce a pound of
steam. (See Appendix H.1 for hand calculations.) Since the power plant staff provided the
information of the total pounds of steam produced for a 12 month period, one is able to calculate
the estimated annual energy consumption of each pump. Again, this only works in situations
when one knows the exact flow rate that is only being provided to the deaerator tank, since the

assumption that all that water is tuned into steam is then valid.
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While the heat exchanger valve was closed, the CRE 15-3 pumps estimated energy consumption
was 0.2571 kJ for every pound of steam produced. This means that, for the total amount of steam
produced from May 2012 through April 2013 (285,974,601 Ibs) the CRE 15-3 energy
consumption was 20,423.5 kWh. This energy consumption is 15% lower than the value obtained
from the calculations used in “Method A” (24,037.1 kWh). With respect to the Worthington D-
824 pump, its estimated energy consumption was 0.3897 kJ for every pound of steam produced,;
translating to an estimated annual energy consumption of 30,957 kWh. This energy consumption
1s 5.85% lower than the value obtained from the calculations in “Method A”. Since these are
estimates for a long 20 years study period, the differences between these two methods are
reasonable, given the two different approaches used to calculate them. Also, since the results
obtained are fairly close, this shows that “Method A”, for this situation in particular, is a
reasonable approach to estimating the energy consumption of both pump systems in the cases for
which “Method B” cannot be used, i.c., Case 1, Case 2 (when the heat exchanger valve is open),

and Case 4.

Based on the estimated annual energy consumptions discussed previously, the Worthington D-
824 pump would have an average annual energy cost of $2,446. For the 20 year study period, in
present value, the Worthington D-824 pump total energy cost would be $45,208 (annual value of
$3,181). With respect to the CRE 15-3 pumps, the average annual energy cost would be $1,613.
For the 20 year study period, the present value of their total energy costs would be $32,349
($2,276). Therefore, in this study period, the CRE 15-3 pumps would save the power plant
$12,859 in energy costs (about $2000 more than what was found in Method A). Taking into
consideration all of the other costs, the total life cycle costs for the Worthington D-824 pump and
the CRE 15-3 pumps are $351,428 ($24,729 annual value) and $349,070 ($24,563 annual value),
respectively. Even though the CRE 15-3 pumps could save the plant $12,859 in energy costs,
which for a 20 year study period is not a substantial amount since this amount would not cover
the pumps’ initial cost, the present value of the total life cycle cost only shows a $2,358 total
savings. (See Appendix M.1 for the detailed LCC for this case.) Table 6 shows a summary of the

total life cycle costs for each pump (excluding the water costs).
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Table 7: Case 2 - Heat Exchanger Valve Closed - Method B - Total Life Cycle Cost Summary

Worthington D-824 |Grundfos CRE 15-3
Investment Cost $6,500 $15,000
Energy annual Usage 30,957.0 kWh 20,423.5 kWh
Energy Consumption Costs $37,791 $24,932
Energy Demand Charges $7,417 $7,417
Motor/Impeller Costs $2,000 $4,000
Seals Cost $2,000 $2,000
Total Life Cycle Cost $55,708 $53,349
4.3 Case 3

In Case 3, both the Worthington D-824 and the CRE 15-3 pumps were just supplying water to
the deaerator tank. However, this time the CRE 15-3 pumps were running in level control mode,
where the pumps would increase and decrease water flow to maintain a constant level of water in
the deaerator tank. The 12 month period used to obtain the annual energy consumption values for
Case 3 was just like the one for Case 2, i.e., May of 2012 through April of 2013. Since the data
for this case was just obtained on April 30", 2013, and due to the fact that the steam produced
that day was much lower than the monthly’s average (621,600 Ibs versus 859,550 Ibs),
calculations had to be made to estimate the energy consumption of every unknown day of April,
before monthly estimates could be made for the remaining months in order to get a better
estimate. See Appendix | for the hand calculations made to obtain the energy consumption

estimates for this case.

4.3.1 Method A
Based on the calculations shown in Appendix I, the average annual energy consumption was

42,426.8 kWh ($3,352.00 average annual cost) for the Worthington D-824 pump, and 8,827.5
kWh ($697.00 average annual cost) for the Grundfos CRE 15-3 pumps. Based on these estimated
annual energy consumption values, in the 20 year study period for this life cycle cost analysis,
the present value of total energy costs was $59,210.00 ($4,166.00 annual value) for the
Worthington D-824 pump, and $18,193.00 ($1,280.00 annual value) for the Grundfos CRE 15-3
pumps. Hence, if the CRE 15-3 pumps were operated in level control mode, based in this case,
the power plant could save $41,017.00 in energy costs in a period of 20 years based on present
values. Again, this is not taking into consideration how much extra money the plant would have

to spend to purchase extra water from the city due to the steam that is not recycled by the heat
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exchanger as well as the decrease in the plant’s efficiency for not using the heat exchanger as
discussed in Section 1.4. Also, not being taken into account is the potential use of a different set

of variable speed pumps which could be able to provide a water supply to the heat exchanger.

Since the 12 month period used in this case is the same as Case 2, the summer and winter water
usages are also the same, 2,055,900 gallons and 4,391,860 gallons, respectively. Therefore, for
the 20 years being analyzed in this life cycle cost analysis, based on present value, the power

plant would have $275,720.00 ($19,402.00 annual value) in water usage costs.

The total life cycle cost for 20 years based on present value was $365,430.00 ($25,714.00 annual
value) for the Worthington D-824 pump, and $334,914.00 ($23,567.00 annual value) for the
Grundfos CRE 15-3 pumps. Hence, taking into account all the costs the power plant would have
to run these two pump systems, in 20 years, the CRE 15-3 pumps would save the plant
$30,516.00. Based on the three cases presented in this document so far, this is the biggest savings
the CRE 15-3 pumps would be able to provide the power plant when compared to the
Worthington D-824 constant speed pump. Case 3 does not consider that the pumps provide water
to the heat exchanger, leaving out the extra make-up water expenses necessary to compensate for
the steam lost; nor does it consider employing a different set of variable speed pumps which
could be designed to allow water flow to reach the heat exchanger, or moving the heat exchanger
to a lower location in the plant. However, if this issue is neglected, one could say that this case
shows how the CRE 15-3 pumps could save major energy expenses for the power plant when
running in level control mode. See Appendix N for a detailed LCC report. Table 8 shows a

summary of the total life cycle costs for each pump (excluding the water costs).

Table 8: Case 3 - Method A - Total Life Cycle Cost Summary

Worthington D-824 |Grundfos CRE 15-3
Investment Cost $6,500 $15,000
Energy annual Usage 42,426.8 kWh 8,827.5 kWh
Energy Consumption Costs $51,792 $10,776
Energy Demand Charges $7,417 $7,417
Motor/Impeller Costs $2,000 $4,000
Seals Cost $2,000 $2,000
Total Life Cycle Cost $69,709 $39,193
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4.3.2 Method B
This method follows the same calculations procedures as explained in Section 4.2.3 of this

document. This method could be used in this case, since both pump systems were again only
supplying water to the deaerator tank. Based on the calculations shown in Appendix 1.1, the
estimated average annual energy consumption was 38,699.8 kWh ($3,057 average annual cost)
for the Worthington D-824 pump and $8,151.7 kWh ($644 average annual cost) for the CRE 15-
3 pumps. The Worthington D-824 estimated annual energy consumption found with Method B is
8.78% lower than the value obtained using Method A. On the other hand, the CRE 15-3 pumps’
estimated annual energy consumption from Method B was 7.66% lower as compared to the one
found using Method A. Again, these differences show that, for this situation, both methods are
reasonable approaches to calculating the energy consumption of the pump systems being

discussed.

For the 20 year study period, the total energy costs in present value were $54,660 ($3,846 annual
value) for the Worthington D-824 pump and $17,368 ($1,222 annual value) for the CRE 15-3
pumps. The CRE 15-3 pumps would save the power plant $37,292 in energy costs when running
in level control mode while supplying water only to the deaerator tank. These savings surpass the
investment costs of the pumps and could justify using the CRE 15-3 pumps; however, just as in
Section 4.3.1, the extra water costs and lower boiler efficiency for not using the heat exchanger
are not taken into account in this calculation. The total life cycle costs (in present value) for the
Worthington D-824 pump and the CRE 15-3 pumps would be $360,880 ($25,394 annual value)
and $334,089 ($23,509 annual value), respectively. Therefore, excluding the possible extra water
costs, the CRE 15-3 pumps could potentially save the power plant $26,791 when running in level
control mode and providing water just to the deaerator tank. See Appendix N.1 for the detailed
LCC report. Table 9 shows a summary of the total life cycle costs for each pump (excluding the

water costs).
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Table 9: Case 3 - Method B - Total Life Cycle Cost Summary

Worthington D-824 |Grundfos CRE 15-3
Investment Cost $6,500 $15,000
Energy annual Usage 38,699.8 kWh 8,151.7 kWh
Energy Consumption Costs $47,243 $9,951
Energy Demand Charges $7,417 $7,417
Motor/Impeller Costs $2,000 $4,000
Seals Cost $2,000 $2,000
Total Life Cycle Cost $65,160 $38,368
4.4 Case 4

In Case 4, the Worthington D-824 and the Grundfos CRE 15-3 pumps were supposed to supply
water to both the deaerator tank and the heat exchanger while CRE 15-3 pumps ran in level
control mode. However, due to the low discharge pressure of the CRE 15-3 pumps when running
in level control mode, they were able to provide water only to the deaerator tank, while the
Worthington D-824 pump did supply water to both the deaerator tank and the heat exchanger.
For this reason, the two pumps could not be fairly compared when using the gathered data, since
the Worthington D-824 constant speed pump was doing more work than the CRE 15-3 pumps by
supplying water to areas that the variable speed pumps could not. The life cycle cost analysis for
this comparison will be shown in Section 4.4.1, and Section 4.4.2 will show an estimated life
cycle cost analysis which attempts to account for the extra power consumption that the
Worthington D-824 pump was required to use in order to supply water to the heat exchanger.
The estimates accounting for extra power consumption were based on the data gathered for Case
2. For Case 2, when the heat exchanger access valve was closed with the Worthington D-824
pump in operation, its power consumption had an average drop of approximately 1.345kW as
compared to the power consumption measured when the heat exchanger valve was open.
Therefore, by subtracting this average power consumption drop from the actual power
consumption of the Worthington D-824 pump for this case, it is assumed that this value would
represent the power necessary to provide water only to the deaerator tank (just like the job that
the Grundfos CRE 15-3 pumps were doing). Again, these are rough estimates which attempted to
take into consideration the data gathered for Case 4. See Appendix J for the hand calculations

made to obtain the energy consumption values used in Sections 4.4.1 and 4.4.2.
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4.4.1 Considering Heat Exchanger for Worthington D-824
The 12 month period used to obtain estimated energy consumption values for Case 4 was April

of 2012 through March of 2013. These consumption values were based on known recorded data
from March of 2013. Just like Cases 1 and 2, since the average steam produced during the days
(March 11, 12, 14, 18, 19, 20, 21 and 26) that data was gathered for this case was slightly higher
than the average daily steam production in the month of March (1,200,600 Ibs versus 1,112,955
Ibs for the monthly average), it was not necessary to estimate daily energy consumption for this
case. The average power consumption for those days would be similar to the power consumption
necessary to produce the month’s average steam production. Again that is because the average
power consumptions for the days during which data was gathered are a good representation for

the power that was necessary to produce the average amount of steam that month.

Based on the hand calculations shown in Appendix J, the estimated average annual energy
consumption for the Worthington D-824 pump when supplying water to the deaerator tank and
the heat exchanger was 33,001.5 kWh ($2,607.00 average annual cost), while the estimated
average annual consumption for the Grundfos CRE 15-3 pumps when supplying water just to the
deaerator tank was 10,227.4 kWh ($808.00 average annual cost). Considering the life cycle cost
20 year study period, the total present value of the energy cost was $47,704.00 ($3,357.00 annual
value, including the $480.00 energy demand charge cost) for the Worthington D-824 pump, and
$19,902.00 ($1,400.00 annual value including the $480.00 energy demand cost) for the Grundfos
CRE 15-3 pumps. Based on these present value costs, the CRE 15-3 pumps, when running in
level control mode, could save about $27,802.00 in energy costs for the power plant. However,
this is not a fair comparison in costs, since, in this scenario, the Worthington D-824 pump is
supplying water to the heat exchanger and the deaerator tank, while the CRE 15-3 pumps are
only supplying water to the deaerator tank.

For the 12 month period being discussed in Case 4, the average water usage during the summer
months for the power plant was 1,696,280 gallons ($4,868.00 average annual cost), and
4,391,860 gallons (12,605.00 average annual cost) for the winter months. These were the
guantities input into the BLCC software for both pump systems in order for it to calculate the
present value expenses that the power plant would have when buying water from the city of

Lawrence in the 20 year study period. In present value, based on the annual water consumption
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displayed above, the total water usage costs for a 20 year study period that the power plant would
have was $260,342.00 ($18,320.00 annual value).

When taking in consideration the costs mentioned above together with the initial capital costs,
labor, maintenance and replacement costs for each respective pump system (refer to Section 2.4
for the exact value of these costs), the total life cycle cost in present value was $338,546.00
($23,823.00 annual value) for the Worthington D-824 pump, and $321,245.00 ($22,605.00
annual value) for the Grundfos CRE 15-3 pumps. Based on these present value costs from the
BLCC software, in 20 years, the power plant would have $17,301.00 in savings by running the
CRE 15-3 pumps in level control mode when compared to the Worthington D-824 constant
speed pump. In this case, the pumps were doing two different levels of work. Therefore, Section
4.4.2 will provide different life cycle costs by estimating the power consumption of the
Worthington D-824 pump if it only supplied water to the deaerator tank. See Appendix O for the
detailed LLC report for this part of Case 4. Table 10 shows a summary of the total life cycle

costs for each pump (excluding the water costs).

Table 10: Case 4 - Considering Heat Exchanger - Total Life Cycle Cost

Worthington D-824 |Grundfos CRE 15-3
Investment Cost $6,500 $15,000
Energy annual Usage 33,001.5 kWh 10,227.4 kWh
Energy Consumption Costs $40,286 $12,485
Energy Demand Charges $7,417 $7,417
Motor/Impeller Costs $2,000 $4,000
Seals Cost $2,000 $2,000
Total Life Cycle Cost $58,203 $40,902

4.4.2 NOT Considering Heat Exchanger for Worthington D-824
As mentioned in Section 4.4, based on the data gathered for Case 2, whenever the Worthington

D-824 pump was in operation and the heat exchanger access valve was closed, its power
consumption would drop an average of 1.345 kW (based on the 4 days of data gathering for Case
2). Assuming that this was the extra amount of power required by the Worthington D-824 pump
to supply water to the heat exchanger, this value was subtracted from the average power
consumption calculated in Case 4, in order to estimate the energy consumption for the
Worthington D-824 pump when just supplying water to the deaerator tank. By using these

estimated values, the goal was to provide a more representative comparison of the energy costs
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in the life cycle cost analysis of the two pump systems being studied. Again, these are rough
estimates, and one should consider the analyses performed for Cases 1 through 3 to be more
reliable than this Case. See Appendix J for the hand calculations made to estimate the annual
energy consumptions used in Case 4.

Once the estimated energy usage for the Worthington D-824 pump was made, disregarding the
power necessary to supply water to the heat exchanger, the estimated average annual energy
usage for the Worthington D-824 pump was 24,912.9 kWh ($1,968.00 average annual cost).
Since no new calculations were required for the Grundfos CRE 15-3 pumps, their estimated
annual energy usage remained at 10,227.4 kWh ($808.00 average annual cost). With this new
consumption, based on present value, for a 20 year study period, the energy costs for the
Worthington D-824 pump became $37,830.00 ($2,662 annual value), while the energy costs for
the Grundfos CRE 15-3 pumps continued to be $19,902.00 ($1,400.00 annual value). Therefore,
even when estimating the energy consumption required for the Worthington D-824 pump to
supply water only to the deaerator tank, based solely on energy costs, in 20 years the power plant
would have a savings of $17,928.00 when using the Grundfos CRE 15-3 pumps in level control
mode. However, one must recall, that not considered is the probable extra water costs that the
power plant would have for not reusing the steam that is being lost into the atmosphere when not

using the heat exchanger and not redesigning with different variable speed pumps.

The water usage and its costs for this section are the same as the values presented in Section
4.4.1 since this section is dealing with the same 12 month period and water usage information.
This means that for a 20 year period, the present value of the water cost being used in the life
cycle analysis of both pump system still would be $260,342.00 ($18,320 annual value). See
Appendix E for the monthly make up water and steam production tables.

The total life cycle cost (for a 20 year life period) based on present value would then be
$328,672.00 ($23,128.00 annual value) for the Worthington D-824 pump, and $321,245.00
($22,605.00) for the Grundfos CRE 15-3 pumps, when considering all of the initial capital, labor,
energy, water, and maintenance costs. Even though the CRE 15-3 pumps showed very
substantial savings in energy costs as compared to the Worthington D-824 pump ($17,928.00),
the total life cycle cost only shows $7,427.00 in saving in 20 years. This is because of the CRE
15-3 pumps’ higher initial capital cost as well as the higher costs when replacing
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motor/impellers. However, based exclusively on energy costs, the CRE 15-3 pumps are bound to
provide quite substantial savings when compared to the Worthington D-824 pump. See
Appendix P for the detailed LCC report for this part of Case 4. Table 10 shows a summary of the
total life cycle costs for each pump (excluding the water costs).

Table 11: Case 4 - NOT Considering Heat Exchanger - Total Life Cycle Cost

Worthington D-824 |Grundfos CRE 15-3
Investment Cost $6,500 $15,000
Energy annual Usage 24,912.9 kWh 10,227.4 kWh
Energy Consumption Costs $30,412 $12,485
Energy Demand Charges $7,417 $7,417
Motor/Impeller Costs $2,000 $4,000
Seals Cost $2,000 $2,000
Total Life Cycle Cost $48,329 $40,902
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Chapter 5: Summary and Conclusions
In this chapter a summary of the work is presented in this document and conclusions are drawn.

Summary
(1) The data presented in Chapter 3 for Case 1 showed how the Grundfos variable speed

pumps had an equivalent performance to the Worthington D-824 constant speed pump
with regard to flow rates, discharge pressure, differential pressure across the control
valve. Even, though at times the Grundfos CRE 15-3 pumps required more power to run,
for the most part, the power consumption of both pump systems were within 7.5% of

each other when running in discharge pressure mode.

(2) With regard to the data gathered for Case 2 while having the heat exchanger access valve
closed, the only similarity both pump systems had was the flow rate of water that they
supplied to the deaerator tank. The discharge pressure of the Worthington D-824 pump
was about 5 PSI higher than the discharge pressure of the Grundfos CRE 15-3 pumps,
consequently making the differential pressure across the control valve also higher as
compared to the times the Grundfos variable speed pumps were running. Also, for this set
of data, the Grundfos pump power consumption was approximately 27% lower than the
Worthington D-824 constant speed pump. On the other hand, when these pump systems
ran while the heat exchanger access valve was open, they both had comparable values for
their discharge pressure, flow rates and differential pressure across the control valve.
However, for this case, the Grundfos CRE 15-3 pumps did have power consumption
about 11.7% higher than that of the Worthington D-824 pump.

(3) Based on the data gathered for Case 3, the only similarity the Grundfos CRE 15-3 pumps
and the Worthington D-824 pump had was the flow rate of water that they provided to the
system. Since in this case both pump systems were just supplying water to the deaerator
tank, and the Grundfos CRE 15-3 pumps were running in level control mode, their
discharge pressure was much lower by having the control valve fully open during its
operation. The Grundfos CRE 15-3 pumps’ power consumption was about 79% lower

than that of the Worthington D-824 pump in this scenario.
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(4) In Case 4, the Worthington D-824 constant speed pump was supplying water to both the
deaerator tank and the heat exchanger, while the Grundfos variable speed pumps were
only supplying water to the deaerator tank due to the low discharge pressure when
running in level control mode. For this reason, the results presented for this case show
higher values for discharge pressure, flow rate, differential pressure across the control
valve, and power consumption. (For the times in which the Worthington D-824 was in
operation, its power consumption was 63% higher than the Grundfos CRE 15-3 pumps
power consumption.) However, even after estimates were made in attempt to account for
the extra power needed by the Worthington D-824 pump to supply water to the heat
exchanger, the calculations still showed that the Worthington D-824 pump power
consumption was 52% higher as compared to the Grundfos CRE 15-3 pumps’ power

consumption.

(5) All of the power consumption gathered data for all cases discussed above were compared
to theoretical data from the pump curves of each respective pump as well as to hydraulic
pump power calculations. All theoretical values were similar to the theoretical data
(within 10% to 15%), which confirmed that the data gathered could be used to perform a
life cycle analysis in order to compare the costs of the Grundfos CRE 15-3 pumps to the

costs of the Worthington D-824 pump in a 20 years study period.

Conclusions
(1) The life cycle cost analysis performed for Case 1 showed that, when running the

Grundfos CRE 15-3 pumps in discharge pressure mode, they would have fairly
equivalent energy expenses as compared to the Worthington D-824 pump ($72,876.00 vs.
$72,599.00). The Grundfos CRE 15-3 pumps had a higher total life cycle cost, due to
their initial capital cost ($342,896.00 vs. 332,119.00), showing that for this application, it
would not be advantageous to use a variable speed pump as compared to the Worthington
D-824 pump.

(2) When supplying water just to the deaerator tank in Case 2 using “Method A”, The
Grundfos CRE 15-3 pumps had lower energy expenditures as compared to the
Worthington D-824 pump’s energy costs ($36,760.00 vs. $47,554.00). However, due to
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the variable speed pumps’ higher initial capital costs, the total life cycle costs for both
pump systems were fairly similar, $353,775.00 for the Worthington D-824 pump and
$353,481.00 for the Grundfos CRE 15-3 pumps. Therefore, even though there was energy
savings while using the variable speed pumps, such savings did not help lower the total
life cycle cost as compared to the costs needed to operate the constant speed pump.
“Method B” showed lower energy expenditures for both pump systems ($32,349 for the
CRE 15-3 pumps vs. $45,208 for the Worthington D-824 pump), which are still fairly
comparable to the results obtained using “Method A”, where “Method B” is the best
method analytically. Due to the CRE 15-3 pumps higher investment costs, Method B also
showed very similar total life cycle costs for both pump systems: $351,428 for the
Worthington D-824 pump and $349,070 for the CRE 15-3 pumps,

(3) For the scenario in Case 2 for which both pump systems provided water to both the
deaerator tank and the heat exchanger, the Grundfos CRE 15-3 pumps had higher energy
costs as compared to the Worthington D-824 pump ($67,735.00 vs. $60,667.00). The
total life cycle cost for the Grundfos CRE 15-3 pumps was $384,455.00, while the total
life cycle cost for the Worthington D-824 pump was $366,887.00. This shows that, in this
scenario, from an economics perspective, it would be advantageous to use the
Worthington D-824 pump to supply water to the system due to its lower initial capital

costs and energy costs.

(4) Case 3 is the scenario that showed the Grundfos CRE 15-3 pumps would be more
advantageous to supply water to the system, when only supplying water to the deaerator
tank in the power plant. For the 20 years study period, the total energy costs when using
the Grundfos CRE 15-3 pumps was $18,193.00, while the total energy costs to run the
Worthington D-824 pumps was $59,210.00. The total life cycle costs for the Grundfos
CRE 15-3 pumps and the Worthington D-824 pump were $334,914.00 and $365,430.00,
respectively. Since in 20 years the Grundfos CRE 15-3 pumps could potentially save the
plant approximately $30,516.00, one could say that it would be advantageous to equip the
power plant with this type of pump. However, this is not considering the amount of steam
that is being lost when not supplying water to the heat exchanger, nor does it consider the

possibility of redesigning for different variable speed pumps or moving the heat
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exchanger to a lower location. Therefore, when simply considering energy costs, the
Grundfos CRE 15-3 pumps would be the best option when supplying water just to the
deaerator tank. “Method B” in Case 3, confirmed that this mode of operation would
justify the use of the CRE 15-3 pumps in this application instead of the Worthington D-
824 pump. The total energy costs when using the Grundfos CRE 15-3 pumps was
$17,368 and $54,660 when using the Worthington D-824 pumps ($37,292 in savings
when using the CRE 15-3 pumps). The total life cycle costs for the CRE 15-3 pumps and
the Worthington D-824 pump were $334,089 and $360,880, respectively. These total life
cycle costs translate to $26,791 in total savings when using the CRE 15-3 pumps to
supply water only to the deaerator tank.

(5) In Case 4, even after performing the calculations to account for the extra power that the
Worthington D-824 pump required to provide water to the heat exchanger in order to
obtain its energy consumption, the Grundfos CRE 15-3 pumps still had lower energy
consumption costs ($19,902.00 vs. $37,830.00). The total life cycle cost for the
Worthington D-824 pump and the Grundfos CRE 15-3 pumps for the 20 years study
period were $328,672.00 and $321,245.00, respectively. Again, just as in Case 3, the
amount of steam being lost by not using the heat exchanger, possibly making the power
plant have extra water costs, was not accounted for in this application. Therefore, even
though the Grundfos CRE 15-3 pumps had smaller energy consumption costs, the total
life cycle costs of both pump systems were still fairly similar, due to the higher initial
capital costs required to purchase the variable speed pumps.

In conclusion, all cases presented in this document, with the exception of Case 3, show that the
Grundfos CRE 15-3 variable speed centrifugal pumps and the Worthington D-824 constant speed
centrifugal pump have very similar total life cycle costs, even though the Grundfos pumps had
lower energy costs when running in level control mode in Case 4. However, in all cases in which
the Grundfos CRE 15-3 pumps ran using level control mode, significant energy savings were
obtained as compared to the energy consumption of the Worthington D-824 pump. This shows,
for the most part, that the higher initial investment cost to obtain this particular design of variable
speed pumps would not be advantageous for this specific application. The Grundfos CRE 15-3

pumps could be much more advantageous and cost effective in applications in which a constant

123



supply of liquid was not necessary, since then these pumps would only run when the supply of
liquid was necessary and be on standby when the demand was met. In this steam power plant
application, such pumps are required to be constantly running in order to provide water to the
deaerator tank and heat exchanger. Case 3 showed the greatest savings when running the
Grundfos CRE 15-3 pumps in level control mode. For this reason, future studies should be
performed in order to assess the extra costs that the power plant would have from the steam lost
when not using the heat exchanger. In case the extra costs incurred by the steam being lost when
not using the heat exchanger are minimal, it could still be justifiable to use the Grundfos CRE

15-3 pumps in level control mode to just supply water to the deaerator tank.

Recommendations
When running the Grundfos CRE 15-3 pumps in level control mode, the minimum and

maximum speeds of the pumps had to be manually altered until optimal minimum and maximum
speeds were obtained based on the amount of water needed by the system. Research on an
algorithm for the pumps’ controller is encouraged so that these optimal speeds are automatically
established by the pumps’ controller. If not, in order to run these pumps in an application such as
the one discussed in this document, a person would have to be put in charge of making sure the
pumps’ minimum and maximum speeds satisfied the systems’ water demand every time the CRE

15-3 pumps were in operation.

It is also recommended to measure the flow of water being provided by the pumps to the heat
exchanger, since this was a piece of information that was estimated in this project. Also, a new
variable speed pump with different characteristics could be tested in this application in order to
find out if it would be able to provide water to both the deaerator tank and the heat exchanger in
level control mode. The relocation of the heat exchanger to a lower area in the power plant
should be looked into, since that would allow it to be used even when a pump’s discharge
pressure is low. Finally the installation of a variable speed pump that would be dedicated to

supply water only to the heat exchanger should be investigated.
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Appendix A: Affinity Laws [43]
The Affinity Laws state that:

(1) Flow (GPM) will change directly when there is a change in speed (RPM) or diameter
(inches).

(2) Heads (feet) will change as the square of a change in speed (RPM) or diameter (inches).

(3) BHP (HP) will change as the cube of a change in speed (RPM) or diameter (inches). The
Brake Horsepower is the amount of real horsepower going to the pump, and not the horsepower
used by the motor.

The formulas for the Affinity Laws are expressed below.

T T
< > © N, Q = Flow
D= Impeller Diameter
N = Speed
- D, \’ H N, \° P
= = = OR - = — H = Head (TDH)
H, D, H, N, BHP = Brake Horsepower

The subscript 1 indicates “existing

Al - E i OR BHP, _ E i conditions”; the subscript 2 indicates
BHP, D BHP, N “new” conditions.

This Table was reproduced directly from Reference 43
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Appendix B: Pump Curves and Specifications

B.1: Worthington D-824 Constant Speed Centrifugal Pump [46]

N Pump size & type : DB24-3X2X5F-IND
FLOWSERVE Based on curve no. - A-19446
b L Number of stages o1
Customer - University of Kansas Capacity 2250 USgpm
Item number T- Head : 105.00 ft
Service : Specific gravity - 1.000
Flowserve reference © Default 0.1 Pump speed © 3550 rpm
Date © June 13, 2013 Test tolerance : Hydraulic Institute Level B
CURVES ARE APPROXIMATE. PUMP IS GUARANTEED FOR ONE SET OF CONDITIONS; CAPACITY, HEAD. AND EFFICIENCY.
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Copyright @ 2009 Flowserve. All rights reserved. FlowSelex v2.2
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—
FLOWSERVE
S

Hydraulic Datasheet

Customer - University of Kansas Pump / Stages - DB24-3X2X5F-IND i1
Customer reference . Default Based on curve no. © A-19446
Item number D - Flowserve reference . Default 0.1
Service . Date : June 13, 2013

Operating Conditions Materials / Specification
Capacity © 2250 USgpm Material column code . STD
Water capacity (CQ=1.00) - Pump specification : General Industrial
Normal capacity :- Other Requirements
Total Developed Head - 105001t Hydraulic selection - No specification
Water head (CH=1.00) T - .

Construction : No specification
NPSH available (NPSHa) - Ample Test tolerance : Hydraulic Insfitute Level B
NPSHa less NPSH margin o Driver Sizing : Max Power(MCSF to EOC)with SF
Maximum suction pressure - 0.0 psig
Liquid
Liquid type . Other
Temperature / Spec. Gravity :60F / 1.000
Salid Size - Actual / Limit T- !/ 050iIn
Viscosity / Vapor pressure : 1.0cSt [
Performance
Hydraulic power : 597 hp Impeller diameter
Pump speed © 3550 rpm Rated :525in
Efficiency (CE=1.00) I T728% Maximum :525in
Minimum :440in
NPSH required (NPSHr) BN A Suction specific speed - 10110 US units
Rated power : 819 hp Minimum continuous flow - 98.3 USgpm
Maximum power - 9.05hp Maximum head @ rated dia © 110.99 ft
Driver power : 10.00 hp / 7.46 kW Flow at BEP 290 .4 USgpm
Casing working pressure - 48.0 psig Flow as % of BEP 775 %
(based on shut off and Rated specific gravity @ Cut dia) Efficiency at normal flow -
Maximum allowable - 175.0 psig Impeller dia ratio (rated/max) : 100.0 %

Hydrostatic test pressure : 265.0 psig Head rise to shut off 57 %
Est. rated seal chamb. press. D Total head ratio (rated/max) D 929%

CURVES ARE APPROXIMATE, PUMP I3 GUARANTEED FOR ONE SET OF CONDITIONS; CAPACITY, HEAD, AND EFFICIENCY.

10
-g. 8 " [Power]
I 6 "1
] T |
2 4
[
o 2

0
120
| 7 —— 1]
[ —

100 15.25in Rated | /l EmEE — 100
£ 5 / — [ Efficiency %
I 1 ="
o 60 60
S 4.40in_Minimum_| —-_-"\
T // s [N

40 /  NPSH] - 40

20 P JERSS 5 20
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= 4
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Copyright @ 2009 Flowserve. All rights reserved.

FlowSelex v2.2
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B.2: Grundfos BoosterpaQ® HYDRO MPC E 2CRE 15-3 Variable Speed Pump
Curve and Specifications [41]

Company name: The University Of Kansas
Created by: -
Phone: -

GRUNDFOS‘”/\E& -

95055132 HYDRO MPC E 2CRE15-03 3X460V BASIS 60 Hz

[ﬁ] ‘HYDRO MPC E 2CRE15-03 3X460V BASIS, 60Hz i’:‘)ﬁfi
Losses in fittings and valves not included -
Pumped liquid = Water
Density = 62 29 Ib/ft®
2204
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Printed from Grundfos CAPS [2013.06.034] crunpros {18
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Company name: The University Of Kansas

Created by: -
Phone: -
GRUNDFOS" " 2 \rfx -
Date: -
Description Value [q] HYDRO MPC E 2CRE15-03 3X460V BASIS, 60Hz F’ﬁ
Product name: HYDRO MPC E 2CRE15-03 o i oy o8 ot neluded
3X460V BASIS 2204 Density = 62.29 o/
Product Number: 95055132
EAN number: 5700836977051
Technical:
Max flow: 244 US gpm
Max flow system: 244 US gpm
Head max: 200 ft
Impellers main: 3
Main pump name CRE15-03 - 100
Main pump Number: 96541270 | a0
Number of pumps: 2
Non-ret. valve: at discharge side 60
40
Installation:
Maximum operating pressure: 232 psi 20
Maximum inlet pressure: 145 psi 0
Flange standard: ANSI
Pump inlet: 1 [,_fpl N'[:hS]H
Pump outlet: 4
Pressure stage: CL 150 154 30
Liquid: o0
Pumped liquid: 0
Liquid temperature range: 32 ..140°F )
Liquid temp: 68 °F 1o
Density 62.29 Ib/ft*
Kinematic viscosity: 1cSt 0
Electrical data:
Power (P2) main pump: 4.96 HP
Main frequency: 60 Hz
Rated voltage: 3 x 3X460-480V, 60 Hz
Starting main: electronically
Rated current of system: 15 A
Enclosure class (IEC 34-5): NEMA 4
Controls:
Control type: E
Operation unit: CU 351
Tank:
Diaphragm tank: No
Others:
Net weight: 589 Ib
Language: EN
Product range: NAMREG
Configuration file Hydro MPC: 98272054
Printed e ™ o3
rinted from Grundfos CAPS [2013.06.034] GRUNDFOS 2\
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Company name: The University Of Kansas
Created by: -
Phone: -

GRUNDFOS" " 2 \rx -

Date: -
95055132 HYDRO MPC E 2CRE15-03 3X460V BASIS 60 Hz
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Appendix C: Specifications of the Instruments Used in the Project
List of All Equipment Used in the Project

HOBO H12-006 Data Logger

Mastech HY3003D Power Supply

Danfoss Pressure Transducer

Grundfos Differential Pressure Sensor

Siemens Flow meter and Transmitter

Veris Power Monitoring Transducers

SureSite® Level Transducer and Visual Indicator

N (oo |~ WN |-

C.1: HOBO H12-006 Data Logger [Reproduced from Ref. 27]
onset

HOBO" U12 Logger

Multi-channel energy & environmental monitoring

HOBO U12 data loggers provide flexibility for monitoring up to 4 ansel
channels of energy and environmental data with a single, compact I
logger. They provide 12-bit resclution measurements for detecting ol
greater variability in recorded data, direct USB connectivity for LI

convenient, fast data offload, and a 43K measurement capacity.

Supported Measurements: Temperature, Relative Humidity, Dew '
Paoint, 4-20mA, AC Current, AC Voltage, Air Velocity, Carbon Dioxide, &

Compressed Air Flow, DC Current, DC Voltage, Gauge Pressure, 2

Kilowatts, Light Intensity, Volatile Organic Compound (some sensors [ ] Hogo S Iy ger »

bR ightieet chasna

sold separately)

Key Advantages:

- Records up to 4 channels

= Your choice of three models, with flexible measurement options
= Programmable as well as push-button start

- Compatible with a broad range of external sensors

Minimum System Requirements:

e
y

& \#)

5 A = A

Sofware  USH cane”
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b For complete information and accessores, please visit www.onsetcomp.com

Part number L 2-006 M 2012 ) 12013
{4 Ext) {Temp/RH/LightExt) {Temp/RHI2 Ext)
Mamory 43,000 messurements
Sampling rate 1 second fo 18 hours, user-selectable
Battary iifa 1 year typical, user-replaceabie, CR2032
Temperaturs
Max rangs =207 to T0™C [~4" » 158°F)
Agcuracy £ 0.35°C from 0™ to 50°C (2 0.63°F from 327 to 122°F)
Resodution |12-bif) 0.03°C @ 25'C (0.0S°F @ TT°F)
Ralathvs Humidity
Maasursmant rangs 5% to 95% RH (nor-condensing)
Agcuracy + 2.5% typhcal, 3.5% maximum, from 10 i 0% RH
Rescdution {10-blf) 0.03% RH
Light Intenalty

Designad for general puposs

Indoor measurement of relatve

light leveis
Range 1o 2000 footcandles UMERST)

typical 0-32,300 lumens!m2

Extamal Input

Range Do 2.5 VD
Accuracy £ 2V, £2.5% of absolube reading
Respdution 0LE mv
CE comphant Y

"U2H cabie included with software

For stand-alone dats logging applcafions in harsh indoor environmenis, see the £-channe HOBO U2 Indusirial et logger (U12-002) at ansesonmp. oo

Contact Us

Sales (Bam to Spm ET, Monday through Friday)
¥ Email sales{fonsetcomp.com
F Call 1-800-584-4377

Technical Support
F (Bam to Bpm ET., Monday through Friday)
F Contact Product Support

F Fax 508-750-0100 F Call B77-564-4377

Copyrighs® 2013 Orant Computer Corparatian. All rights resaned. Orsat, HOBC, HOBOwarn am regisiomd trademanks of Oraat G Comarason. Crthar
prodlcts and brand names may ba Tademans of regsternd taoamarnks of thalr mapactive cwners. Patntod technokgy (LS. Patent 6,826,564) MKT1030:0713
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C.2: Mastech HY3003D Power Supply [Reproduced from Ref. 44]

Power Supply HY30XX Series

MESEL EXPLAINATION:
HY XX XX X-X
LD 200

Productz of MASTEC

futput voltage numbers

Cutput current numbers

no: LED display

D: LCD displaw

C: two pointer meters display

5: four pointer meterz display

no: single cutput veltage current regulsted

2: double output voltage current regulated

3: double output voltage current regulated + fixed 3V3A

@eoe

@

S— —— B—— ——
MODEM HY3002D | HY30030 [ HY30050
nput volzge T10Z20VEI0%
CuBuL valage O ~ 30V
Crtpat Current 0 ~2A 0~ 3A 0~ 5A
SOURE EMect CV = D.01%21mMV; GG = 0.02%1MA
Load Enect CV = D.01%25mV; GG = 0.02%25MmA
" RIpple & NOE= = ImJms
— o S——
Dispiay Two 3 1/2 digit LCD display
BCCUrECY W: 1% 220IglE; C: 22 %20 /gts
SiZE 791 % 158 & 136mm
Weight 3 -~ 6k
MODEM HY3002C | HY3003C [ HY3005C
S— —
input Volizge 1107220V £ 10%AC
S—
Oulput Vaoliage O ~ 30V
Output Current 0 ~2A 0-3A 0~ 5A
——
SOume Efect CVs 0.01%:1mV; CCs D.02%1mA
— T —
Load Efect CVs 0.01%25mVy; CCs 0.02%25mA
" Ripple & Nok= = ImJms
— o
Dispiay VOR3QE & AMpEmMEter Qi5pay
ACcuracy 2 5%,
—
Size 291 % 158 £ 136mm
Weignt 3 - 6k
Simoterh Shanghai
Hoom 1404, 1759 Korth Zhaongshan Road, Paboo Distris,
Shangkal, China
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C.3: Danfoss Pressure Transducer [Reproduced from Ref. 37]

Pressure transmitter for general industrial purposes
Type MBS 3000 and MBS 3050

Features

| ‘Ju',

(I
G

Designed for use in severe industrial

and hydraulic environments

Resistant to cavitation, liquid hammer

and pressure peaks (MBS 3050)

Enslosure and wetted parts of acid-resistant
stainless steel (AISI 316L)

Pressure ranges in relative (gauge)
or absolute from 0 up to 600 bar

The compact pressure transmitter, type MBS 3000,
is designed for use in almost all industrial applications,
and offers a reliable pressure measurement, even
under harsh environmental conditions.

The compact heavy duty pressure transmitter
MBS 3050 with integrated pulse-snubber is designed
for use in hydraulic applications with severe medium
influences like cavitation, liquid hammer or pressure
peaks and offers a reliable pressure measurement,
even under harsh environmental conditions.

The flexible pressure transmitter programme

covers different output signals, absolute or

gauge (relative) versions, measuring ranges

from 0-1 to 0-600 bar.

A wide range of pressure and electrical connections
are available.

Excellent vibration stability, robust construction,
and a high degree of EMC/EMI protection equip
the pressure transmitter to meet the most stringent
industrial requirements.

All standard output signals:
4-20mA,0-5V,
1-5V,1-6V,0-10V,1-10V
A wide range of pressure

and electrical connections

-

* Temperature compensated
and laser calibrated

+ Forusein zone 2 explosive atmospheres

@ Danfoss A/S (IA-MS / IM) 2013-sep

IC.PD.P20.A4.02 / 520B5275
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Data sheet Pressure transmitter for general industrial purposes, type MBS 3000 and MBS 3050

Application and media Application Media condition

conditions for MBS 3050 Cavitation, liquid hammer and pressure peaks Clogging of the nozzle may occur in liquids
may occur in hydraulic systems with changes in containing particles. Mounting the transmitter in
flow velocity, e.g. fast closing of a valve or pump an upright position minimizes the risk of clogging,
starts and stops. because the flow in the nozzle is limited to the
The problem may occur on the inlet and outlet start-up period until the dead volume behind the
side, even at rather low operating pressures. nozzle orifice is filled. The media viscosity has only

little effect on the response time. Even at a viscosities
up to 100 cSt, the response time will not exceed 4 ms.

Pulse-snubber

Technical data Performance (EN 60770)
i . . i <+ 05%FS (typ)
Accuracy (incl. non-linearity, hysteresis and repeatability)
<=+ 1% FS (max)
Non-linearity BFSL (conformity) <+0.2%FS
Hysteresis and repeatability <+0.1%FS
<+0.1%FS / 10K (typ.)
Thermal zero point shift
<+0.2%FS/ 10K (max.)
- <+0.19%FS/ 10K (typ)
Thermal sensitivity (span) shift
< +0.2% FS/ 10K (max.)
Liquids with viscasity < 100 ¢St <4ms
Response time
Air and gases (MBS 3050) < 35ms
Overload pressure (static) 6 x FS (max. 1500 bar)
Burst pressure 6 x FS (max. 2000 bar)
Durability, P: 10 — 90% FS >10x 108 cycles
Electrical specifications
Nom. output signal
L 4-20mA 0-51-51-6V 0-10V,1-10V
(short-circuit protected)
Supply voltage [U ], polarity protected 9-32V 9-30V 15-30V
Supply — current consumption - <5mA <8 mA
Supply voltage dependency =+01%FS/10V
Current limitation 28 mA (typ.) -
Output impedance - =25k
Load [R ] (load connected to 0 V) R < (U-9v)/002 A R = 10kQ R 2 15kQ
© Danfoss A/S (IA-MS / IM) 2013-sep IC.PD.P20.A4.02 / 520B5275
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Data sheet

Pressure transmitter for general industrial purposes, type MBS 3000 and MBS 3050

Technical data
(continued)

Environmental conditions

Sensor temperature range

-40 -85°C

Media temperature range

115 - (0.35 x Ambient ternp.)

Ambient ternperature range (depending on electrical connection) See page 6
Compensated temperature range 0-80°C
Transport/storage temperature range -50-85°C
EMC — Emission EN 61000-6-3
EMC - Immunity EN 61000-6-2

Insulation resistance

> 100 MQat 100V

Mains frequency test

Based on SEN 361503

15.9 mm-pp, 5 Hz - 25 Hz
Sinusoidal IEC 60068-2-6
Vibration stability 209,25 Hz-2kHz
Random 759, ..5Hz-1kHz IEC 60068-2-64
Shock 500g/1ms IEC 60068-2-27
Shock resistance
Free fall m IEC 60068-2-32

Enclosure (depending on electrical connection)

See page 6

Explosive atmospheres

CEED 116

Ex nA IIC T3 Gc
-40C<Ta<+85C

Zone 2 applications

EN60079-0; EN60079-15

Mechanical characteristics

Wetted parts

EN 10088-1; 1.4404 (AISI 316 L)

Materials Enclosure EN 10088-1; 1.4404 (AISI 316 L)
Electrical connections See page 6
Net weight (depending on pressure connection and electrical connection) 02-03kg

© Danfoss A/S (IA-MS / IM) 2013-sep

IC.PD.P20.A4.02 / 520B5275
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C.4: Grundfos Differential Pressure Sensor [Reproduced from Ref. 38]

GRUNDFOS DATA SHEET

DPIO-25

Differential Pressuresensor, Industry, 0 - 2.5 bar

TMO4 4738 1908

Fig. 1 DPI sensor

Technical overview

Grundfos Direct Sensors ™ |, type DPI, is a series of differential
pressure sensors for industry. The DPI sensors are compatible
with wet, aggressive media and are available for differential
pressure ranges of 0 - 0.6 up to 0 - 10 bar.

The DPI sensor utilises MEMS sensing technology in
combination with a novel packaging concept using corrosion-
resistant coating on the MEMS sensing element. This makes the
DPI sensor very robust and ideal for pump integration and
monitoring in harsh environments.

Applications

* Pump and pump control systems

» Filters (monitoring)

* Cooling and temperature control systems

+ Water treatment systems

+ Boiler control systems

+ Renewable energy systems

+ Heat exchanger efficiency (monitoring of fouling).

Features

= Pressureranges:0-0.6;0-1;0-1.2;0-1.6;0-25;0-4;
0 -6 and 0 - 10 bar differential pressure

+ Designed for harsh environments

« Analogue output signal

- Compact and well proven design

«=  MEMS sensing technology

= Approved for the EU, US and Canadian markets.

Benefits

- Compatible with wet, aggressive media
* Accurate, linearised output signal

+ Cost-effective and robust design

BE>THINK > INNOVATE »

Specifications

Pressure

Measuring range (differential) 2.5 bar
Accuracy (IEC 61298-2) 2%FS
Response time <055
Static Pressure Py 16 bar
Static Pressure P, 10 bar
Max system pressure 16 bar

Media and environment

Media Liquids, gasses and air

Media temperature (operation) =10 to +70 °C

Media temperature (peak) up to +80 °C

Ambient air temperature —40 to +70 °C

Ambient air temperature (peak) —55 to +90 °C

Humidity 0 to 95 % (relative), non-condensing
System burst pressure 25 bar

Electrical data

Power supply 12-30 VvDC

Qutput signals 4-20 mA

24 V max. 500 k(2
16 V max. 200 k()
12V max. 100 k(3

Load impedance

Sensor materials

Sensing element Silicon-based MEMS sensor

Seal FKM rubber
Housing DIN W.-Nr. 1.4305
Wetted materials FKM and PPS
Environmental standards

Enclosure class IP55
Temperature cycling IEC 68-2-14

Vibration (non-destructive)

20 to 2000 Hz, 106G, 4h

Immunity EN 61000-6-2
Emission EN 61000-6-3
Weight 550 g

Flow compensated differential pressure control
(SPR Reglung)

Setpoint H,, Actual value Hy

Pl
contraller
Speed
controller

TMO03 0411 5004

Fig. 2 SPR Reglung

If the equipment is used in a manner not specified by the
manufacturer, the protection provided by the equipment may
be impaired.

oV

GRUNDFOS 272\




Being responsible is our foundation
BE > THINK » INNOVATE » Thinking ahead makes it possible

Innovation is the essence

Dimensions [mm] Sensor Interface type SI 001 PSU
Power supply and amplifier for cables above 30 m and 2
wire connection of 400 VAC

I
SW 14
\ 2
L ‘ S s
- - P2 e
| =
| ) :
w =
3 - Pl 2 =
9| | &
3 ! = i
9 245 2 Fig. 6 Sensor Interface, 51 001 PSU
S =
14 6 =
~ 32 J3
Fig. 3 Dimensional sketch D @ = @ ,,@
. 1 2 3
Output signals e e n u
J1-1 Sensor 1 signal in
[mAl 11-2 Sensor 1 signal out
11-3 Sensor 2 signal in 3
\ J1-3 Sensor 2 signal out / 2
= J1-5 GND =
11-6 GND =
J1-7 =247 =
J1-8 Sensor cable screen =4
J1-14 GND E
2 Fig. 7 Connections for power supply / amplifier
) &
B ©
2 Part
-
2 Sensor Interface, SI1 001 PSU
oeID2s 000 osos 125 1878 LV
Pressure [bar] = .
Accessories
Fig. 4 Differential pressure response
Pos. Component
Electrical connections Fitting 6 mm ]
- Tube connection
Fitting 8 mm
A T AIsl3e
ng 6 mm
- Cutting ring
Fitting 8 mm
Cable for DP1 5.0 m
B
Cable for DP110.0 m
2 Wall bracket for sensor
E
g Type k
g ype key
g The DPI sensor is labelled with a type designation.
=
Fig. 5 Flectrical connections 96573683 - XX - XXX XXXXX
Product number
Pin configuration Colour Version
] Test conductor (can be cut off during mounting). White Production year and week
Do not connect this conductor to the voltage supply.

Consecutive number

2 Signal conductor
3 GND (earth conductor) Yellow For more information, see

http://www.grundfos.com/directsensors.

4 12-30 V supply voltage

The trademark Grundfos Direct Sensors ™ is owned and controlled by the
Grundfos group.

96985463 1109 . .
GB Subject to alterations.

Grundfos Sensor A/S
Poul Due Jensens Vej 7. DK-8850 Bjerringbro. Denmark
Telephone: +45 87 50 14 00 N

www.grundfos.com\directsensors GRUNDFOS ' 2\
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C.5: Siemens Flow Meter and Transmitter [Reproduced from Ref. 36]

The SITRANS F M MAG 5100 W with its patented liners of hard rubber NBR or ebonite and EPDM is a sensor for
all water applications such as ground water, drinking water, cooling water, waste water, sewage or sludge
applications. Application examples: Water abstraction, Water distribution network, Waste water and as custody

transfer water meter or cooling meter.

Details

Measuring range

0to 10 m/s

Nominal Sizes

From DN 15 to DN 2000 (1" to 78")

Accuracy

0.2 % £2.5 mm/s

Operating Pressure

Max. 16 bar (Max. 150 psi)

Ambient temperature

From -40 to 70 °C (-40 to 158 °F)

Medium Temperature

From -10 to 70 °C (14 to 158 °F)

Liners

EPDM NBR hard rubber Ebonite hard rubber

Electrodes Hastelloy C-276
Built-in grounding electrodes
Material Carbon steel, with corrosion resistant

two-component epoxy coating

Drinking Water Approvals

EPDM: WRAS, NSF/ANSI Standard 61, DVGW 270,
ACS and BelgAqua

NBR: NSF/ANSI Standard 61, WRAS

Ebonite: WRAS

Custody Transfer Approvals

OILM R 49

MI-001

PTB K7.2 (Germany)
BEV OE12/C040 (Austria)

General approval

MCERTS Sira Certificate No. MC080136/00
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The SITRANS F M MAG 5000 is a microprocessor-based transmitter engineered for high performance,
easy installation, commissioning and maintenance. The transmitter is truly robust, cost-effective and
suitable for all-round applications and has a measuring accuracy of + 0.4% of the flow rate (incl. sensor).

Application Examples: Water and waste water, General process industry, Food & beverage industry

Details
Accuracy 0.4 % =1 mm/s
Input / output 1 current output
1 digital output
1 relay output
Communication HART
Display Background illumination with
alphanumeric text, 3 x 20 characters
Enclosure IP67 (NEMA 4x/6)
IP20 (NEMA 2)
Power supply 12-24 V a.c./d.c.
115-230 V a.c.
Ambient temperature From -20 to 50 °C (-4 to 122 °F)
Approvals MI-001
Danak
PTB
OIML R49
Ex-approvals FM/CSA Class 1, Div 2
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C.6: Veris Power Monitoring Transducers [Reproduced from Ref. 39]

H804x & H80O5x SERIES VERIS INDUSTRIES

DESCRIPTION FEATURES

The Enercept H804x and H805x Series kW (real power)/kWh (consumption) Revenue Grade measurements

transducers combine processing electronics and industrial grade CTs in an easy-to- Fast split-core installation eliminates the need to remove conductors...

install split-core package. These devices continuously measure voltage and current perfect for retrofits

values for the monitored conductors and update calculations to provide highly Precision meter electronics and current transformers in a single package...
accurate true RMS power readings. Models designed for balanced loads include one reduces the number of installed components...creating significant labor savings
(T only, while models for unbalanced loads have three CTs. Smart electronics eliminate the need to be concerned with (T orientation...

fast trouble-free installation
The unique design of the H804x/H805x Series transducers reduces the number

of installed components, making them ideal for monitoring electrical power in
commercial and industrial facilities The H804x provides industry-standard 4-20mA
output, and the H805x provides a pulse output.

Installation is simple. The H804x/H805x eliminates the need to mount and wire a
transducer and enclosure. CTs and voltage leads are color-matched, and the meters
are designed to detect and automatically compensate for phase reversal. No more
worries about (T load orientation.

APPLICATIONS
Optimize chillers, pumps & cooling towers
Energy management & performance contracting
Control processes
Activity-based costing in commercial and industrial facilities
Monitor real-time power

o
£
m
o
~
m
y 4
m
)
<
X
o
z
-
o]
a2
y 4
@

Load shedding
SPECIFICATIONS %
Inputs:
Voltage Input 208/240 or 480VAC, 50/60 Hz RMS '*?
Current Input Up to 2400A continuous per phase **
Accuracy:
System Accuracy +1% of reading from 10% to 100% of the rated current of the (Ts, accomplished by matching the CTs with electronics and calibrating them as a system
Outputs:
H804x
Output 4-20mA
Supply Power (current loop) 9-30VDC, 30mA max.
H805x
Pulsed Output Field selectable; 1, 0.5, 0.25, 0.1kWh/pulse 4
Pulsed Output Type Normally Open, Opto-FET, 100mA@24VDC
Environmental:
Operating Temperature Range 0°to 60°C(32° F to 140°F), 50°C (122°F) for 2400A
Humidity Range 0-95% noncondensing
Agency Approvals UL508

' Do notinstall on the line or load side of a VFD unit, or on any other equipment generating harmonics. For line side applications, use the E5x Series meters.

? Contact factory to interface with voltages above 480VAC or current above 2400 Amps.

?Do nat apply 600V Class current transformers ta circuits having a phase-to-phase voltage greater than 600V, uness adequate additional insulation is applied between the primary conductor and the current transformers.
Veris assumes no responsibility for damage of equipment or personal injury caused by products operated on circuits above their published ratings.

“Count must be multiplied by the number of phases when using single (T models to monitor balanced multiphase systems.

800.354.8556 +1 503.598.4564 www.veris.com HQ0001811.C 01131 v E R Is ®
INDUSTRIES W
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800.354.8556 +1503.598.4564 www.veris.com v E Rls °

INDUSTRIES W

DIMENSIONAL DRAWINGS APPLICATION/WIRING EXAMPLES
\ HB804x/H805x 208 or 480VAC 38, 3/4 Wire
e, % 1Dﬂ§;aol‘:llkmp 4-20mA or Pulse Output
< > o~ AS 38 (%6mm) %
T B= 12" (30mm) ~—Black (T*

= 13" (31mm)
D= 12" (30mm)
E= 40" (100 mm)
F= 48" (121 mm) A

ok ~JRed(T

Red
400/800 Amp o Yellow =

A= 49" (125mm)

B= 29" (73mm) <—Yellow (T*

(= 25" (62mm)

D= 12" (30mm) Wi
= sy (3mm H804x 240VAC 10, 3-Wire
F= 60" (151mm) 120 Black (T*
N e ljLliladl

LARGE
800/1600/2400 Amp fRed
= 49" (15mm) 120 E
= 55 (139mm) =
= 15" (62mm) —«—Yellow Voltage
= 12" (30mm) L Lead capped
= 7.9" (201 mm)
= 6.0" (151 mm) 4-20 mA Qutput

—~&— Yellow (T*

ORDERING INFORMATION "@"‘

4-20 mA Output Power Transducers H805x 208 or 480VAC 30, 3/4-Wire
——» Pulse Qutput

Single CT Models for Use with Balanced 30 Loads
Three CT Models for Use with Unbalanced 30 Loads

MODEL VOLTAGE MAX_AMPS OUTPUT (CTSIZE CTTYPE

L)
=
ax
o
3
y 4
o
)3
3
= 4
|
y 4
[
~
[~ 4
>
o]
[~}

HB041-01002 100 SMALL

HB041-0300-2 300 SMALL

HB041-0400-3 400 MEDIUM

HB041-08003 | 2087240 [300 EIT

HB041-0800-4 500 TARGE e

HB041-1600-4 1600 LARGE

HB041:2400-4 100 LARGE Pulse Qutput Power Transducers

H8042-0100-2 100 SMALL ) )

HB042-0400-3 400 MEDIUM

H8042-0800-3 a0 |80 420mh [meom | SingleCT MODEL VOLTAGE MAX.AMPS OUTPUT (CTSIZE CTTYPE
HB042-0800-4 500 e HB051-0100-2 100 SMALL

HB042-1600-4 1600 LARGE H8051-0300-2 300 SMALL

H8042-2400-4 2400 LARGE H8051-0400-3 400 MEDIUM
H8043-0100-2 100 SMALL H8051-0800-3 800 MEDIUM | Single CT Model
H8043-0300-2 300 SMALL H8051-0800-4 800 LARGE

H8043-0400-3 400 MEDIUM Three €T H8051-1600-4 1600 LARGE

H8043-0800-3 208/240 | 800 MEDIUM Model H8051-2400-4 2400 LARGE

H8043-0800-4 800 LARGE oz | o [ il

H8043-1600-4 1600 LARGE H8053-0300-2 300 SMALL

HE043-2400-4 200 LARGE HB053-0400-3 400 MEDIUM
HE044-01002 100 SMALL HB053-0800-3 800 MEDIUM | Three CT Model
H8044-0300-2 300 SMALL H8053-0800-4 800 LARGE

H8044-0400-3 400 MEOWM _§ o eecr | [HB0s3-1600-4 1600 LARGE

HB044-0800-3 480 800 420mA [MDioM_| 1S HE05322002 00 TARGE

HB044-0800-4 800 LARGE

H8044-16004 1600 LARGE ACCESSORIES §

HE044 2400 4 240 LARGE T Mounting brackets (AHOG) ‘ U Ao

HQ0001811.C 01131
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C.7: SureSite® Level Transducer and Visual Indicator [Reproduced from

Ref. 29]

Gems

‘._ Sensors & Controls

Alloy Versions-Miniature Size

P Lengths to over 20 feet (6.1 meters)

) 316 Stainless Steel construction

) Pressures to 400 PSI (27 bar) — Temperature to 400°F (204°C)

Use these Mini SureSite Indicators where space is tight—they feature
a diameter of only 1-1/41 They can replace existing, antiquated
sightglasses for excellent external, visual liquid level indication. Mini
SureSite Indicators are ideal for use with clean, low viscosity liquids.

Typical Applications

* Pharmaceuticals * Medical Equipment « Food and Beverages
+ Semiconductor Manufacturing * Boilers

1. Mounting Configuration Types

OADER T

Ordering Is Easy! See Page D-6.
Easy oniine ordering too!

T

L

L = Length of

Type AM Type BM Type CM Type DM
Top and Bottom Side and Slde Top and Side Side and Bottom
Process Connections Process Connections Process Connections Process Connections
~—T
2

o~

"\

T
a
L

—
m
<
m
-
=
=]
n
>
=1
o
~
wvh
1
=
v
(=
>
-

Visual GtoC lcmc
Indication B
B B
Sb
Typlcal CtoC= CtoC=L CtoC= CtoC=
Lengths* L +7.727(196 mm) - L+37(76 mm) L+ 57 (127 mm)
Flag Material Plastic (300°F/148.9°C) or Aluminum (400°F/204°C)

Length of Indication
(Uninterrupted)

240" (610 cm)

*Dimensions vary due to connections, material and specific gravity.
Note: Additional materials, floats, connections and manufacturing techniques are available to extend lengths and operational capabilities.
Please contact Gems if the parameters above do not meet your requirements.

Miniature SureSite 00
Performance 73 -
Gems configures

Miniature SureSite 300

Indicators, using various
materials and fittings,
to perform within the

Pressure/Temperature 200

parameters specified
in the chart at right.

PRESSURE PS|

150

Consult the factory with 100
pressure/temperature

requirements that fall

outside the parameters

shown here. 0

100 200

TEMPERATURE — F*

300 400

Note: SureSite Indicators are available for temperatures as low as

-200°F (-129°C)

Visit www.GemsSensors.com for most current information.
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2.Connection Codes
(See complete

SURESITE® LEVEL INDICATORS

descriptions below)

Fixed |Removable

Standard

Connections

Sanitary

Connections

Blind

Sanitary | Buttweld
-mm— Farge | Nipe

— Gonnection Codes and Materials
background-shaded in this color
are stocked by Gems. Select these
connections where possible to
obtain the most economical
SureSite Indicators with a prompt
3-day delivery.

Flange Weld

Fixed

Removable Socket Removahle

Fixed [Removable| Female | Male

Standard

Connections

Female

Fixed |[Removable

Male

Sanitary

Connections

Note: Gems recommends a removable top and/or bottom connection for float access.

Connection Code Descriptions

Please provide all connections when completing the Orderlt! Product Check List (located on the following page).

Note: Before selecting your connections, consider incorporating your vent and drain requirements.

T &B (Top and Bottom)
TB 1. Welded cap Sa & Sb (Sides)
T/B 2. Welded cap with FNPT S1. No connection
T/B 3. Welded cap with MNPT S2. MNPT nipple
T/B 7. Sanitary flange S3. FNPT coupling
T/B 8. Sanitary flange with mating blind flange S4. ANSI flange
T/B 10. Standard fixed flange/mating blind flange $5. Sanitary flange
TB 11 fSlmndard fixed flange/mating FNPT reducing S6. Buttweld nipple
ange

T/B 12. Standard fixed flange/mating flange with

MNPT nipple
T/B 13. Standard fixed flange/mating flange with

butt weld nipple
T/B 18. Welded cap with butt weld nipple
T/B 19. Welded cap with ANSI flange
T/B 20. Standard fixed flange/mating reducing flange

spool with ANSI flange

Performance Notes:

1. As an option either the Switch Modules or Transmitter can be used
on a Miniature SureSite Indicator - Not Both.

2. Minimum specific gravity is 0.7.

3. Standard O-ring seal material is Viton®. Others available upon request.

4. Electropolished Quter Diameter (0D} and/or Inner Diameter (ID) housings available
upon request.

Visit www.GemsSensors.com for most current information.
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Built & Shipped
in 3 Days!

Need it quick? Choose materials and components

with the color shading for 3-Day manufacturing and
shipping. See the Product Configurator section at www.
gemssensors.com for further details.

Accessories - Pages D-16 to D-18

Make more of your SureSite® Indicator with the
productivity-enhancing accessories found at the end of
this section.
+ Indicating Scales
Add graduations to your flag indication.
o Switch Modules
Control pumps, valves, alarms, etc. Mount externally
on housing for infinite positioning.
+ Continuous Output Transmitiers
Signal conditioned for compatibility with most
electronic instruments to 300°F (149°C).
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Appendix F: Derivation of Hydraulic Power Equation

Dere Voﬁémn of pom,o H;Jrﬂ-olld Pwer Eqpation Expressed
in s

Known:  fpwer = Work. - \A/ Work can be apressed an:

Time 753
I ballon = 231 ind it

| HP = 33,000 ft-1bS

min

Flow(/ x bessore “’5) (})

prer(
min with

Converting 33000 £E-1bS (o in=1bS
min min

33,000 £€-lbs . 12 in = 376,000 Zn-lbs — | HP
e 1 £t mien

Flow( m) Flow( m) X As:( (2)

SO frasiom (Dinto HE tntes

[ HP = 376,000%2 5 Flou/ )X 231(/) X fresjarr( )

396,000 4n~bs
___> / __,__1_—-

min__ - FIOW(?:"/lM) xfffSSur((-’-féz)

*31(=%)
~ 1714, 17%},')‘ F/ou/(j/)x bessore ( Lksa)

L> This bccwm’g the LhlEs Conversion foctor for
the eyuae ton

Pumf’ Power., HP = Flow ( &em) X bressure (PSI) & A 350ming
(71429 1007 efﬁuenc Yy

"

=> fmp W/ (HF) = F low (6Pm) x Pressoce (ps1)
(1714.27 X0 )

Where )?/: PU”?,” K#ﬂéien(;
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Appendix G: Case 1 Energy Consumption Hand Calculations

= .
AREND

Case 1!

a) Eng// Consumptron Etimate Calevlations Lor miontuns oy
Necorddd power congemption data !

7) Eebggﬁrgg?,mg Tota| Steam prenesoted = 31,720,400 Ib;
For [G=2%3

V; fower Con Sumption = 5280336 xW

29 days x Ehhove _ 676 hovrs
| day

,'.Ayy Mo th €h€b’;)’ Consvmption (KWh) Un Feb.2old = (5:23 1(\4/) X (576;“":3‘315}
AVJ En. Coms, = 36 }5 /] KWh For CRE /5“}

For __Worthington D-82Y. '
Avg Powey wngum,y{,w;: E 1217 kW

AV7~ Month E).C/}y Cﬁl‘}}l/’"gl)'{.f{?i‘ = (£.12 KW) x( % ;)00/5)
= 457555 kWh_

) March 2010 Totel Steam Generated = 2o, 454, Yoo lbs

For CRE [5-3:
Avj ;f),; yE ["{.\;,5;,‘,7,-7"_-;1\;; = {\ élfo? 030 /<W
3(’4{11‘;; x 2 AY hoors - ZYHY hovrs
Tidar
/‘]\/9'/‘40”*1 E'\tf’f.ﬁ)’ Lonsomption (KWh & {6, 692 k1 71/4/}’”’/"5)

= 494, 7‘/ KW/)

‘Fof \4/0((*!(119(0&1 D'gc)"l:
Avg. Power Consuempiion = 61490998 kW

Avg. Month Enecgy Consomption = (6. 4V w) X (794 hovrs)
. Hfé?f?f/\/ 4

3) A_'pfi[ 2ol . Tota] Steam Generated = ff, #l5, #oo l}s
o CRE—iIl5"
AVﬁ Power Lonsemption = 5./??0/’/}(“/
30days Xy?ﬂ/xoy,i —  FR0hovrs

AVJ Nonth Enf’/;/ (amSom/’r’/ah CkWA) =~ (5. 198 kW) X/7.Zﬂ/mwf/

= 3735, 37 kWh.
For Wprthington D-82Y:
Avg. (ower ZonsomPtion = 5. 86323 kKW

AVy. Mt En€7g7 ConSumption = (5816 W )x ( /20 hovrs)
=_HIE87 69 KWh.
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Casel Continved !

b) En€7/ Consumption €stimate calcvlations lor montrs wwithout
ne corded power consumption dotoibased on Steam Generation Ratins *

1) May 201 -
" Tota] 5 team &cnc’mte«/(Ma;) = 13,620,200 [bs

Since /Ma? has 3/ A/a;}/ u.jznﬁ Moreh calormat on (314/0?5) to
(h,_-[ t’m’—’r‘g# Consvmption €s€imate por tNne prontn op/r:a?‘

For CRE1S-3:
Md; Eneljy Lvnjum/l:'vn Estimate 3—(4 9"//\ ?’ KW’!) X ( ' 316“)0’ 200 ’55 i

22,15, 400 [63
=977 5 xWh

For Worthing ton D-22y

Muy Enecgy consomption Estimate = (1569.395 kwh) x (13,629,200 Jis.",
by Enecgy Consumption Estimote : ({f,qs'{, Vwm/

&) June 201 ToTal Steam (owrated = 14,020, 700 lbs
Sihee JTvne has 30 dais, Using April nformation CSOA/A;S) to {ind
LNEFQy ConSumption estimate Por the moneh oF Fune

For CRE 15-3: :
June Ehefl)' Consvmption Estimate = (37735. 3;ZKWI))/< [L/f 020, 700 /b}')
' 13, 715, 700 5

=778 32 kK Wh

. For Warthington D- 24" (4197 69 KWh)x { 14,02 ’
vne E er Cohjrump tipn Estimate = . f X < 4,0 0, 700 )
e o 19, 715, 700 lbs

= 31372 16 wWh
3) July 2010 Total steam Generated = I2, 95‘// lol [bs,
For (RE 15=3
Tuly Energy Consomption Eseimate = (1941, 71 K Wh ) x ( 12,959 101 b5,
24,459 Yoo 1bs
=2950. 91 k|Vh
For Wﬁffhl'h'pfm D-ga+

v 7 ; & = 7549, 1 )
Jvly En€r/)’ Lonsvmplion [ stimat (‘/56&5’75 KWI))/\' (EL%LZ{}VIL‘?% ’ffj
=635 83 kih
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Cosel Continped '
Y) Avgust 2010 Total steam Generated= (4,783 020 [bs

For CRE [5-3:
Avgust Ener gy consemption Estimate = (4941, 71 F\’Wb))(( 14, 783,000 |bs

22,954, oo Ivs)
= 3253 4] KWh,
For Warthington D-824
Av;u;f' Energy Consumption Erergy = (4568. 875 KW}))X( )L,! 783, 000 155\
| 22,454, 400 14s
= 3007 9% kWh
5) Septembe r 2012 . Total Steam (renerated = !f/ é‘/’u// 100 bs

For CRE 15-3. '
5&pff’ml:€r Energr Consumption Estimate = ( 37235 37 ka)X(M MS)

I8, #15, 700 165
=212 33 kWh :

For Warthington D-824
September Energy ConSvmyption Estimate = (Y4187.68 kWh)l'( (5,694, 100 |bs

_ 18,715, 700 |
= 3500.4 KwWh
6) Oclober 2010 Tytal Steom Generated = 22,183,200 1bs

For CRE 15-3: )
Octobe r Ener;y consomption Estimate = ("/?’f/:}/ kW) )/Y 9@/ 183,200 /1’7
22, 459, Yoo 1bs
=Y582. 02 KWh

_For Worthingfon D-82Y

October Enecgy consumption Estimate = (4568.925kwh) x(ili/_/_@éj_,yg s\

22,45 4,400 /45/
= 4513 7| kKWh

?)Novembef.loll:,nfnl Steom Generated = Q?J 051', 300 IS

For CRE 15-3! .
Aovem ber Enc‘r%‘ Consumplion Estimate = (3?3ﬁ3? kW[l)X(az ?: oJl, 300 !55)

12,575 700 Ibs
= 5309.03 ki,

For Worthington D Y . .
November Energy Consompeon Estomate =(H192,68 k Wh)x (2 7, 054, 300 1hs')
12,715, 700 145/

= 4052. 29 kWh
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Case | CDh‘f('hUﬂ(/:

8) December 2012 Total Steam Gene roted = 34,752, 700 lbs

For CKE 15-3.
Decenibe v Eheriy Consemption Estrmate =(4991. 71 KWh) x( 34, 252, 7w I
22,4549, 400 Iby)

= Z2648.22 X W)

For Worthington D-82%:
DeCbefr Ene::y?};niomi’t‘r'@z Ejfr'mat‘e'*(q%(?.g?; KW}?)X(M 15_9

23, 457, Yoo 1hs
- 2071.22 kWh
7) Joanvary 2013 Total Steam Genernted = 37, 773, So0 lbs

For CRE 15-3:
Jonvary Encrgg Consomption Estimate = (174171 Kk Wh) x 37,793, s00 /5})

SR AL 5] sivaiail
=g3172.5 wWh

22,457, oo 1bs

For Worthington D-82Y \
Tanvar) Enérgy ConsvmptioEstimate = (1568.5905 kWh)x( 37,793 500 145 )

_ 22, 459, o8 |bs
= F690. 0l kwy
Based on calcolations Shown Above

Estimated Annval Energy Can5u”.y}(zan bor CRE (5-3= 63621,5 kW

Fstimated Annusl Energy tonomplion for Worthinglon DF2Y = 53 394,63 kWh 7

o
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Appendix H: Case 2 Energy Consumption Hand Calculations

éaée 2!
) Ener -/f’)ﬁ;’-é-’r;-)/u‘(iﬁn Estrmate calcefations Eor mon th LiTh

4
/e car/&/ fau/f’/ /onswry’{z'm data !

1) ‘Apri { %0{5‘ Total Steam benerated = RS, 706,52 |bs
or E I5=3¢

USM,q Dato a/armg tome tThe Heat Exchanger valve weos C/osc/.'

Apeil 5= Aprol 18 Avg. bhwer consomption= 3010338 k\ W/

Estinated Aug, Month Energy onsomption = (3.01033¢ kW) x( 720 hovrs)
= 216244 kWh
Data Dl//mg Tini€ the heat exchanger yalye was Ofen!

Apcil 15 -Atril 18 Avg Tower Consomption = 6,138 ooy « W

Es(u‘ma(f//}\/?. Month Ener Con sumptron :(6./%’00fKW}K (7,20 /)pu/j)
71 - 9955 37 kW

For \A/of(hin;{m’l D-gLY:

(Aﬂng dota Jvn'nyg time My foat Cxchanger valve lieg Closed

Apcilis-ig Avg. fower ConsSumption = Y, 119026 x W

Estimated Av;. Aeonth Enevyy Confumpfion = (419026 KW)/\’ (720 hovrs)
=2 7%Y 99 kWh

Using data when heat 2fchang€r Valve wes Open:

Apcil 1518 Avg. Power Consumption = 5. 462907 kW

E}t‘iwmf&/ Avﬁt Mop th Energﬁ Consumption = (5-4¢2 907 KW)X (7,20/\00/5)
= 3733.22xWh,

b) Ener:{t;/ Consumption €5€imate collo(ntions For months with oot
¢

nece. d power Consumption date; Based on zecorded dato From Aprif 20
Ond Steam (rénerotion Rotios

7) May 2012 Total Steam Generated! 13,600,200 lbs

For CRE 15-3:
With Heat ex’changé’r Valve Closed

/1'1“7 Energy ConSumption Eseimate = (162,44 KWh)x 12,620) 100 lbs
25, 756 500 (hs
= 149,82 kWh

Wit h Heat exchonger valye Open

May Energy conSomption Estimate = (445537 kWh ) x (%/ﬁd
=235329KWh

2

e
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Case R Continved!
1) May 2012

For Worthivigton D=g) &
With heat excha nge r Vol ve 4/,564/

Md?’ Enef;y LohSumpEion Es€imate = ( 2?6‘/. 2 KWh)X( '316)01 )y Jks
25, 786, 5@ lss
= 1566.08 kWh 1

With heat exchanger Valve open

/‘?ay Enc’//y ConsumpPtion Estimo & = (3933.29 kW )x(U:[,) 0,200 /5,5)

25,786,500 145
= 20772.53 kWh
2)Jvne 2012 . Total Steam bLenerated = |4,020, 700 |bs

For CRE 15-3:
With heat eXthange r Valve dasc/:

June energy Lonsomption Estimate = (216 7,49 kWh) x (l‘/z 020,700 155)
25) 78,520 U5,
= || 78,49 kWh

With heat _exch e En

June encrgy Consumption Estimate = (445537 nWh)x( 14,020,700 135"
- 15, 786,500 b5
| = 2422.4g kW
For Worfhl'n'ﬂon D-82 4.

With heat exchanger vYalve closed

Jvne energy conSomption Estimate = (2 %41.4;’z<w/h)x(l</ 020, 700 [bs
25,784,500 15
= 411,96 kWh
With heat exchanger yalve open

Jvne ene gy (onsvmptuon Estimate = (3933.29 kW")%‘h 024 2op 145"
| 5, 786,500 s

—
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Lase A Contipved:
3) July 2012 Total Steam Generated = 12,954, iol lbs

For CRE 15-3:
With heat exchangey Valye closed:

)1///5/ energy Ca};jum{;’m Estimate :(2 162, 44 kwh ) X ( 12; '?51/! o/ I'bj
25, 796,50 Ibs
= 1088.83 kwWh

With _heat exchonger Valve open ;

Jvly energy consompeion bstimate = (44 55,37 kwh) x( 12, 954 1o 143
4 RS 756,500 (b
=2238,2 kWh

For Worthington D824,
With heot exchohger Valve (losed!

dvlyenerg g cOnsumpion Estimate = (964,69 xWn)x (12,957, 101 155
" _ N\ Tes s
= 1489, 3% xWh

W (th heat exchanger valve open:
Jvly €nergy Constmption Estimate = (3733.29 W) x (1,,1__,_@'21_/_0_/[%
15, 756, 500 165
= 1775 93 kwh
4) Avgust 201t Total Steam Generated = I, 783, 000 | bs

For CRE 15-3:
With heat exchonger Valye clpsed

Avgust ener COnSumption ¢ stimate = (167,94 kWn)x (19,283,000 lbs
J b ¥4 e bl (as,? 5:5&7 155)
= 242,56 kwh

‘AM"{"} hfdf 'f_x‘j;f!nﬂgf V&(V( 0,057):

Al//ujf energy consumption Cs € imote =(445 %, 37 kwh )x( 14,283,000 1bs
2.5, 786,500 [bS
=554, 17 kwh ‘

For Wor thington D-824 !
Wth heat Exchanger Valve Closed !

Avgust energy Consumption eseimnte=( 764.68 kwh )x(14, #3000 b5
, 5,756,590 1b5
=[697-6 kwh
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Ca5¢ R Continved!
For Wﬂr(/#iy\'gfon D’Xof ‘/

With heat exchonger Voalye open:

Auvgust €nergy conSumption Estimate =(3933.29 xwh)x [ 14, 783,000 b5
v /7 . (25, 786,500 (b5

=2254.§7 kWh
5)56#6»4196:‘ 201 Total Steam Generated = lj’/ 694,100 1bs

For CRE 15-3;
With heat exchonyer Valve closed .

56/) tember enevgy [on}vml‘?&zw Estimate = (2 6. 44 KWJ )X (’526‘1‘/, 245
25,756,520 1bs
= 1314.94 kWh

With heat €xchanger Valve gpen:

. ) _ 5,6
leptember €nergy Consmption Egtimate = (4455, 37xWh )X(jl}, ;}5&,% jf?)

=702, 97 kWh

For Wﬂf‘éhlﬁvgfon D-82Y:
With heot ekchange ¢ valve closed:

56/7 tember en €9y conSomption Estimate = (296463 1<%)x 15,644,100 b5 )

A5) 756,500 165
= (298,61 kWh
With heat exchanger valve gpen :

September Eneigy onSumption Estimote =(3733.29kWh)x d 5,644,100 Il

, 754,500 [b5
=2386,24 kwh
6) 06601)8" 2012 . Tota| Steam Cenerated = ey 153/-2 oo |bs

For cCRE 15-3:
With heat exthohger valve ¢[psed:

; : . 22,183,206
Detobe Energy Con Sumption E;e/mafc«(2167.77ku/4)x<m1ﬁ_‘:}4b§5
=1864.52 xWh

With heat Cxchanger velve oOpen .

October Energy Consumption Estimatbe =455 37 kKWh )x(ll! 183,200 lbs

A5, 786,500 S
= 383 .77 K Wh
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Loased Continbed!
For Worf/.(mlgton D-824!
Witn heat pXchanger vaive closed.

October energy consumption estimate = (296465 kWh ) x (22,183,200 s )

X5, 785 5% lbs/
= 2550.4] kWh
Weth heat exchanger Volve open:

Qéfobe‘r encrgy (0h50m?(—/pn estimate = (3733 A7 f(u/h) X ('1)/ /851200 IAS)

25,756 500 |bS

—
—

7) Movem ber 2012 ; Tolal Steam Generated = 27 051,300 lbs

For CRE 15-3:
With heat exch anger velve C/osca/

November ene 19y ConSumption Estimote =(2167.44 kW )x (27,051, 300 [#

25, 786,500 I3
= AR 73 25 Kk
With heat exchanger valve ppen

Novew £ ' timate = 272,05(,30 [k
mber chergy ConSomptwh Estimate (1455, 37 kWI))X 25%[65/
= Y6739 e Wh

For Worthington D 824!
With heat éxchanger Volye closed

November energy consvmption Estimate =(R76Y. 68 kwh )x(«l? 051, 320 |bs
(4 Y Vi mpP Stima % /L 6,51 2 lbs)
= 3110.09 kWh

With Aeat exchanger Valve gpen

November Enecgy Consomption Estimate = (3233,29kuh) x (27,051, 3043
2 5)786,500 |y
= 412621 kWh 1

)

o

a
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| Clase & Lontinved
8§) December 2012 : Total Steany Generated = 34, 752, 720 los

For CKE 15-3:
 WC(th heat exchanger valye closed:

Decem ber ener 2y msumption Csttmate = (2167.49 KWh )x( :234! 752, 700 51;5)
5, 78,500 Is
=2921.00 wWh '

With heat exthanper Valve open:

= 6004, 54 xWh

For Wor thington D-82Y:
W th heat ‘{gxchanvger valve ¢losed:

ecember energy LonSumption estimate = (2969, 63 kWh ) x ( 34, 752, 700 b5
4 4 i ) (25/ 75,500 W5

=3995.53 KW}

With heat exchanger valve open:

Decembey energy tonsemption estimate=(3933.29 kwh ) x [ 34, 20 [bS
v eneigy conserpi ' 7 kwh) (u,?f,sm Ibs
= 5300.93k 1/

7) fanu,arvy 203 Total Steam Generated= 37 793, 500 lbs

for CRE 15-3.
W ith _heat exchop ger Valve closed:

¢ on es timate = (167,44« Wh)x [ 372,793,500 [bs
jahwryenery; consomption s timate = (2162441« Wh) (Zz’?;—?%sjfﬁ Ly

With heat Exchanger valve open:

Tahuary eneryy ConSomp €iom ejf(.’ma.te =(4455.37 xwh) X(SZZ/ 7?6/}550?)0’&5"
=6529.73 kWh

For Wor thington D-824
With hcae"cxdmmvger Valye (losed:

Janvary energy Consumption E5timate = (2964,65)x ( 37 i //bfs)
y 786,500

=345 13 kWh
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"Coase 2 continved:
For Worthington [ 829
With feat exchanger valve opéh |

Ja huar J Eheryy cosumption estimate= (373329 kwn)x( 3%, 79> :;wlls)
25, 786, 520 b5
=5764 25 «Wh

10) February 2013: Total Steam Generated = 32,833, 700 [bs

For /@E lg-3.
With heat exchonger valVe closed:

February eneryy consompeion estimate = (2167, 44 kWy)x (3,883, 700 liS
ebruary energy consompti a y. (25:73/509[55)
=R2763,98 kWh y

W(th heat exchamger Valye gpen:

¢ = , 2
February Energy LonSomption estinate =(4955.37 kWh )x (225/4 7352,: 552‘002 {ff/ ,
=568, 62 kWh

|

For Warthington D-82Y:

W th héat exchanger valve clo;e/;

Febrvary energy consomption estimate = (Jiéq.éfku/h)x(ﬂ!é’z?}!;oo /A?
25 756,500 lES,
=3780.65 k Wh
With heat exchanger valve gpen
Febrvary ENer gy LonSomption es€imate = (3?33,29l<u/4)X(gﬁll;éfuijzﬁ_lﬁ}
=5015.85kWh
) Makch 2013 : Total Steam Generated = 34,501, 600 1bS

For CRE _15-3!
W{th hea€ exchanger Valye ([osed

March energy Consymption Estimate = (2162 Y kWh)x (i‘rh 501, boo b5
) 786,500 [45
=2899. 92 x\Wh
With heat exchanger valve open;

March energy Consvmption estimate =(4455,37 kKWh)x (34, 501, 6o0lss)
25,796,500 /b,y
= 596116 kWwh
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Cased Continved . ) march 2003
Eor Woerthing ton D-82¥ .
With heat excharger valve closed ;

March energy ConSumpton Estimate =964, 65/(!(//,))((&51/,_& Mﬂ
25,786, 500 [bs
= 3966.66 Kk
With heat exchanger valye open |

March €hergy Consumptio estimate = (3733,29 ku/ri),r 39,501,400 lbs
_ RS, 756, 52 s
= 5263,63 kWh

Posed onth calculations Shown Apove

With heat Exchanger valve closed:

Estimated Annual €nerdy Consomption For CRE15-3 = 24037, ) kW

Estimated Anmval energy Consumption bor Worthington D -§24= 32879.05 k)
With heat exch anger Volve Open |

Estimoted Amuol energyy ConSymption Lor CREIS -3 = 49410. 49 k Wh

Estimoted Annunl energy ConSum ption br Worthington DI2Y = 3620, 5 Y i Wh
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Appendix H.1: Case 2 — Method B — Energy Consumption Hand Calculations
— Closed Heat Exchanger Valve

l
! <l
Case 2l Method B-=Caleglations Cor times when heat cxchposr
valve was closéd. S

Whe ne yey heot €xthongey Volye was closed, (e (s gsgmmed
thot oll woter tht the (fe 153 pomps ord the Worthing tor D-§24
f‘/m/’ flow to &he deoero tor tonk s b ira Y ned (pto Steas , Since
fhffe (5 he Re civeviotion OF water. For this reasory ot \‘lzejsc"
Sttvations Ine can divide tw Averose Pwer COnSumption o cach pomif
by treiy aespe ctive Averape flow rate %) and conyer those units
t0 'KT)L in order t0 Pind 07 Eath penp how much chergy it dakes

nt
Cach PUmP <0 (/Pro (/ze;“ a/)ow./ 0{'5f€a ))i(af/’igxrma(@')‘ Sinee wWe€ hare
the total amovnt of pow;/ of 5team //'ﬂz/ﬂ(ro/ or o 1 mon tar /ff/m’/
we (4)04//(/ Mnow €Ehe eStinated Al €nérg - / ’
t0 prodvce endt amoont o .ffé’a-/r'!/qwl'?;"”'/r{”"’ CRE) flm P i S e
’ 7 awn, thes an[; WOr Ks in sttvetions we
Know/ the exoct flow rate only going to the dealyator tors, since the

Assomp tion of Al that pates tWrning inta 5t@m Svalid.

For CRE 15-3 i Avs. KW

Avg. OPM '
Apeil 15 April 16: April 17 April I

Avg. KW _Q.23756  ARKW _ 30059 Ay KW _ 2.73733 Ay KW _ 347187
Avg- ofm — 380801 Avg-5FM - G6.1o7e AV 6Pn 24,5305 Aygbtm 75 4561
Overoll Average ki - 2. 7575 + 300458 + ). 73733

[
o #OI " GEI0%6 g an s +g—g§’5%

7
Overall Avg kw - Q 03576 KW
Avge I/ o
Convyer €ing KW ¢to kJ . kW= kI
T a ) ——e s .j
;*’”7 | b (010atsr)

= Q.25 A1 O KT
Ibim

0-035762 KX [ 24505 9aly [ 18€> ) /40sec
,?a"%ﬂin | £¢* ) 6243 lhn] \ | men f

. Tn tase 4, while tne hest exrhapge y valve 5 (/05&// the CREIS3
6561'mm‘¢’ ener// (onSumption Wos O0:25Z1p) KT /pr Cvery /aah/a/ water
Lt displaced.

Mow 0n Con Lind the {otal efeimated Annval ene';y/ conSumption for CRE 153
%

based pn the amovnt of poonds of Stean prodvced (w1 mosin period
used in Case &
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T Case X\ Heat €xchange r valye closed Method B contnoed.

Bosed ontre total monthly steam prodvctior ([bs) provided in the
tobles tin Appendix E

Total Steom Yrodvced by tre powe e Plont From /'4&7 Aol H\foo,b April 2013
Total Steom (|bs) = 285, 974, 601 lbS

Fl'n/ Estimated €nergy ConSumption fo/ Annval Steoom /ralka,n, i

CHREL5-3
nergy consomption = 285,974 601 Ib x (0257102 KT
= 235247 X(0? KF a

Convert KT to KWy
Energy tonsomption for CRE 53 = 7, 35247 x10"KT + [ Lhovr
360052c )
= 20,423.5 kWh

Ejf(-mah,J f/”kf/yﬁ (anvm/)émn pa(/ng{ US('nﬂ "ﬂ]thdllﬂ ' ( /’own (w:SUM/ffd'?
And monty ese¢imates in Appendix H) = 24.037.1 kWh
Diffecence

(/ - ( L0,423.5 kulh “) xlpav = 19.03% Diflerence between reseivs
24,037 I(Vlr}

Jor Worthington D-824: Avg. KW

Avg, P
Abril 15 April 16: Afr/', ¥ April 18
KW- 402773 KW . Wl4926 kW - 4oo04 47 kw _ 429144
6P 491881 GPfm o 29,5078 oPm 30 734 oM 94,1533

Overall Average Kw. . 402993 4 4.1yY 26 4,006 47 42914y
; oPm " 691581 29.5078 4 70.73Y F6.1533

Overoll Avg. kW = Q.oquoggpw 1
ofm 6Pm
Converting KX o ny kKw'= kz-
9*Vin |bm (oF water)
0.054206 KI . ( 2.48059al ) [ 123 )(éﬁSec ~ 0389703 KT
9 /min ( | fe? )(é.?-‘/}ﬂ». }M/'h) 1bm
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Case . MeenM'B Continved

Mf‘fﬁ ington D=4 _O. 332 703 ,EL [}z’m C)af'W/aHOhS O the previoss
. w1 ﬂﬂe

Total pounds oF Steam prodveed 6; the Power Plant {1om ﬂa;,l&’/) f’lfaf%h
April 2013 = 285 974, 4o/ lbs

Es timated Cnergy ConSumpeion for Annval Steam Fodvction
Wor éhungton D-g2 4 _ _
Energy Consompton = 285,97 6ot (fb) X ( O 389703 k7

i b
= L1lyys xi0f ky

Convert KJI ¢o KWh

|
- Encegy consomption for Worthungeon D-50 4 (KWh) = LUMHS xi0® Ky . ( | hour \

= 360,957 kWh

360052

Fstimated Energy Consumption found Vsing Method A" (in Power conson A

and monenly cseimates (0 Appendin H) "= 32, 979,05 kwh
Difterence.

F = (M ))x 1007 = 5,85 % dibfecence bet ween results
39, §71. 05 KWh
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Appendix I: Case 3 Energy Consumption Hand Calculations

7

- Withoye necorded power consomption data ; Based oy Aot 7° thered April 30%
| and Steam Genecotion ratios:

Cose 3. Methd A

a) Enéf/ﬁ ém;umph‘on estimate Calcolotions Loy ¢he /a; tn April
Q013 with necorded power Lonsumption dato
1) April 3&‘*',,1013.‘ Total Steam &€ne/a('€//:62//é00 [bs

tsr CRE [5-3:
Avg. Power consumption = O.800%6 kW

Estimated Avy Energy ConSumption for APril 306, 21(90;25716/9‘/6‘;}:/)X(JHM&)
= {7 K

Fof Wﬂl’f/n'n/’fﬂn D - 50 l/'
Avy Power Consomption = 3. 84247 kW

Estimated Avg. Energy consomption for April 30 =( 3. 84209 kW) x (24 hovys
g Enify :9az,umu//)( ours)

b) Energy Consumption €stimate calcolptions Lo the days in April 20(3

1) April 17 2013: Total Steam Generated = |,004 400 s
For chE I5-3:

Estimated Ay, Eneipy consompeion = (19, 211 k) x<‘l o0, Yoo /55}
621, boo (S
= 31.0Y1# iy

For Worthing ton D- 24:

E)(z’maf@/ Ay,. Eneryy Onsumption = (7,2.2"?gku/‘1)x<l!00‘/! Yoo [bs
b2l,600 165

= 197,015 sz
2) April ), 2013; Total Steam Genevated = 1, 127 700 |bs

Eor CRE 15-3-

Estimated /fV, En(r;y ConSompl on :(/lel/m/h)x l//l?g";w [55)
62l, 600 |bs
= 3485239 kW)

For Wor Ehington D-8) 4!
Estimated Avg Energy Consumption = (T2.2095xWh) x [ 1,12 7, 700 Ibs )
6ll,600 s/
= 147 3092 k Wh
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" Case 3 Continved!
3) A%.( 3,2013 Total Steam Generated = |, 035,000 |bs
' 2 CRE 15-3:

Es timated Avg. Energy Consomption =(19.20 h) x (%ﬁf
/

= 31.99743 kW

For Worthington D829

Extiom . B (o tion= (92,2198 kW) x [ 1,035,000 [}s
stimated Avg. Energy Lonsump ) 2.2///24'” 145
=153 5513 kWy

Y) Apcil 42013 - Total Steam Generated = 727, 500 |bs
For CRE 15-3:

Esti d Avg. ‘o = (192 kwh) x [ 929, 500 1bS
s€imate Av; Enerﬂ, éﬂnf(/m/z‘mn C /z) (222’7%'50_!1’5

= 28.72268% kWh

for Worthing ton D-82 9.

Estiwmat - & ion=(92.2198 kW, 7175001!:
sCima C’J /qu F né’l’f# mSUmption (7 928 ﬁ) /\'(62'/600 vy

= 132.8995 K Wh

5) April 5,2013: Total Steam, Genermted = 786,500 b5

Gir &RE [5-3:
Estimoted avg, Energy consimption= (19,21 Ku//;))r( 79¢, 500 1bs )
62l,600 (b5
= 2430735 kivh

For Wprfhl‘n]tah D-82Y
Estimoated At/; Energy ConsompPion = (701 2198 k%} <]_g_é,500 MS)

62 [/ 600 /bﬁ

= 16 6872 k Wh
6) April 6,d01> : Total Steam Generated = 637 300 (43

For CRE 15 -3
ES ¢t tmated Avg. F’nerﬁy ConSvmption = (7 21 KW/!)X 637 300 s
621,600 |bS

=19.62621 klth

For  Worthington D-524
Esti mated pyg Energy Consumption = (72,2198 kWh) x ( 637,300 /é;)

Galy600 Ih
= 94 54903 kW
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Case 3 (ontinved
7) April 2™, )03 ! Total 5team pamcinted = 63(,2a0 |bs

For CRE 15-3 ¢

Estimated Ay Eneigly COSUmpLion (17 20Wh) x (fj/’ foﬂf {/1’65)
/

= [9.52355 kwh

For Worthi ing ton D224 :
Estimated /47 Encrgy ConSomplion = (92.) l?/FWﬁ)X (éﬁ’ 631,700 /éy
621,600 1733
=93 21222 kWy

g) April 8,203 Total steam Genernted = 635, 500 |bs

For (RE |5-3.
Estimated Ay vg £ neigy Consumption f(l'f lllkWI;)x 63J,5aﬂ ii"/‘

LA, 680 16

= 1967057 kWh

For Wprithingion D-54Y
Estimated pvg. Energy (onsomption ~(92.2195 k Wh) X(é 35 s00 155)
621,600 lbs

= 4. 25079 kWh
7) April7, 2013 Total Steom Lenerated = 667,400 1bS
Fer CRE 15-3.
Estimated Avg. En(f;y CanSompPlion = (19.20 «Wh) x %512,'2%202/[55}
= Q0. 62648 kW),

For Warfhmgfﬂh D-82Y.

Estimated Avg. Energy Consomption =(92, llﬁkn/h)a( 6§ , oozf
/

—

l17) £Ii1[0/201} ¢ n{al 5{€an| éehfla(’c’/: 77[/ 600 IAS

For CRE 153
EStimated Avg Energy consumption = (19.200(Wh) x (M 165)

621,600 (bS
= 30,696/ k Wh

For Worthington D-§24

Es€im ated Avg Energy Consomption = (72 N?XKWU*’( 771,600 /b/

627,600 115

= [ o
W) Abril (1,2013: Total Steon: Genernted = 1,085,000 [bs
For CRE (5-3: 1, 03¢, 000 bs

Estimated Avy Energy (onsom p(mn (F] 21 kwih ) x (m m
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Case 3 (ontinved  Afri 10,2003

Yot worthington P-921: (

Estimated Avg. Encrgy consvmption = (92 21958 Wh) x( 1,086,000 [6s

mat e 9 Encrgy /4 7 , ) »—L}—,_é-——a 450 [bj)
= 4 -

) April (25,0013 Total Steom venerated= )01, 500 |bs

_For CRE [&-3.

Ectimat . Energy Camsomption = (19, 21 KWh L ole, 820 “”)
stimated ayy. Energy ptioen = (19,21 Wh) x e

B bon D407 = 31.492 494 kWh
or _Wotlhingtlon )-8
Estimnted Avg. Energy consompeion = (T2 2095k Wh)x _'!M_lé})
&l; 602 lfS
= 150. 851> kWh
13) Apcil U“‘leB' Total $team Gene rated = 815, oo lbs
" For CRE [5-3¢
Estim ated Ay’. Ener}; Constmption = (/7,2/“44//1)(57/5! Yoo lb’)
611,600 (b5

= 52053 kWh -
For Worthington D-41Y" "
Estimated pvg. Energy consvmption - (92,2198 kWh) (ﬁ{_j_}_‘ggg lb6s

6.1, 600 1bs
Z[20.921 7 kWh

14)14 el 14,) 03 Total Steom cencroted = 6415/ 9c0 b5
For CRE [5-3°
Estimated Avg Energy Consvmptian = (19.211 <Wh] x (:‘13: 700 {éj)

2f, 600 165
= 19.900) i Wh

_For Worthington D-824:
Estimated Ay’ Encegy Comsvmption = (72.2098 x Wh )~ (£3, 700 !Ls)

SYNAAL
295,52 8) k Wk !

(5)April 13,20 Total Steam Genesoted = 889, 4% Ibs
For CRE I5-3;

Effi MAtCII Ayg ” E"c’,; Ca‘j"bpflb"\ :('7--2 {i kW’I)X (fff,! Z(;(Z ll‘;é‘\
= AAY9FESS kWh

For Worthingtm D-5229"

Fctimated Avg. Energy consomption = (12,217% K‘/l/h)l’( 8879 tw 12)
611,600 |

= 31,9503 kWh
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Case 3 ton€inved
l6) Apcil {6; 2013 Total Steam Gencrated = 9 go,700 lbs
F CRETIS-3 .
Ese¢imated Avg. Energy consvmption = (19,21 kM)v\'<%%&Z.?2 ’“)
/

600 s
- 32 :ngg‘k&b
For Woy thington D-£2 Y
Estimared 4;'; Ehery‘y ConSumption r(%z,l/ﬁkw/ﬁ)xc
— |45, Y95Y kWh

990 700 lss
6ll, 402 (65

172) April 17,2013 ¢ Total Steom tenevated = 900,200 lbs
For CRE [5 -3
Estimated Avg. Erevgy Consomption= ('9-lllkWh)¥ 922,200 lés
&l 4oo b

22432139k Wh
For W thington 2 -924"

Estimated AVy. Encrgy ConSvaption= (9. 2178 «wh)x (jw s
&21,600 Bs,

= 33,5525 « Wh

IZ)API’” 18,1013 Total Steam Generated = ’/ 076/ 700 lbs
For ¢RE I5-3
Estemate d Avy. Energy Con semption - (W.)IMW/,)X(!&‘@_@Q!M

&2l 600 145
= 32.3490) kW/h
For Worthiygton D-82 Y

Estimated AV ."Enef;, Cmyvmplion = (92 /%kWé),r([ 0%, 7oo Ib5)
2{, oo lbz/
= 1552821 kWh

17) Ag%l 19, 2013! Tytal Stenm beneyuted = 978, 900 (65
or LRE 15-3:

Estimated Avg. Energy Comsumption = (1. 2UkWh)x ( 778, 300 1bs
J ;y v ) &.ll,éao)bj)

= 30-253¢6) «Wh
Fo v War\‘hiu oton D F2Y!
Estcimated Ayg. Encryy consompeion= (7). 2195 «Wh)X (Mw lif)

621,600 b
= 145.2289 kWh

AO)AL il 20,0013 Total Steamt Generated= 916, 700 b5
Eor CRKE [6-3:
Estimoated Avg. Energy Lonsumption= ([7,,2”/1’)/}%)’\'(2/6!?00 lés

£21, 6000/
| : = 28, 33028 kith
Eov Worthington D-52%

EStimated Aug. Energy Consompt ion = (P .2099 kWn ) x (%/Té/_;%ﬂlﬁlf)
} o

=136, 0005 kW)

vy

)
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; Cas€ 3 ctontinved)

|
|
|
|

2[) /4//1./ U3¢, 203" Tptal §team 6€I»£/af€/: 71/3/5&9 lbs
For CRE I5°-3:

Estimated ayg Energy Consumption = (19,21 kWh) x (243,600 w)

611,600 (45
=22, 9815 ki
For Worthington [ 524 S

Es€imated Ay Energy ConSomplion = (2. 2199« Wh)x (‘7113 bo0 .;5)
611,600 1bs

D, 2A2Iil 20,2203 ! Tofal Steam Gf’nemf:{;_d= S, 300 1bs
ocvr (¢BE I5-3¢ " 1L, 300k
Esti mated Avy. Energg tonsompeion = (19. 211 kW )x (. 237‘,%'5'5

=25, 02382 kWh

For Wyrthington D -52Y:

——

ESEmaced 4y, Energy onSomption =(92.2128 1 Wh)x (f’/é?“" las

= 1)0. 3635 kWb
23)April 23,2013 : Total Steam senecated = 1,136,400 1bs
14 I§ =3

Estima ted AVg. Eher?; Lon Seomption = (19 20l K Wﬁ) X ( /(2/3151 Vw’{b)
62,600 Ik

For W D =35 2022 kWh
or thington V-82Y.
Es€ip,ated ;Z{vg- g’i»e:}y 6&3%"'/'{""’ - (7,),.2[957“/5),((),[3(,‘/wlbs

Pl A A e

62 //600[}9
=168.59¢9 xWh

2Y) April 24,3013 ; Total steam cenerated = |, 091,200 (45
For ¢cAE [5-3.
EﬁéiMAfﬁd AV;« Eht/;y fﬁhsomp\‘/éh = (17'1” KM)X(I, 0‘///).00 “75
pLI b0 0O 165

) = 3217904 kWh.
For Wor thing Eon D-§24
Estimated A”ﬂ' Ene,'?; Consomption = (71-2’73KM/"}X J;ﬁi’li?f”-
6Ll 600 [bS

=154, 471l kWh
25) April 28,2003 Tota| Steam benerated = 619,000 [hs

For CHE [5-3,
Est¢imated Avg Energy LonSumption = U1 201k Wh)x ﬂ.&;ﬂ’./éfﬁ)
20,600 145

= 200522 xWh

For Worthington D524

Estimoted Al{;,' F/;erjy Congvmption ;(94.2/79/%#6)/( 54{74000,/6}’

G al, 600 155
=94.284993 k Wh g

21,600 18

g
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Case 3 continved,
R6) April 24 thy206  Total Steam Generoted= §77, %0 lbs
For ¢RE 15 -3:

Estimoted Avg. Encrgy CorSemplioh = (720 h’h’h)z\'(_if 9, 202 lés
G4 // 500’55

Eor W e = 2F 19395 kWh
or orthington | -5 "
- / el i 29,90
E stimated AV - Ems’/;{t/ CorsSpmption = BT %’KW,’)X(Z—II)Z ooalllij
o = 130.5409 kWb,
il 27,2003 Total Steam benerated = $30,¢00 1bS
Yo CRE 15-3 /
Estimated AVp, Energy consemption = (9. 200k Wh ) 4\’({}%%}
=25.6703 kW)

ljﬂ" ]A/t)/('hin = !
: g9ton D fo“/
imotéd Avg.® T on = 2198t Wh) x 5’30_4600/&
Estimate v/ E"‘o/?k consumption (72 & } (b)l,boo IP)

= 123.2268 K Wh

28 ) April 28,2013 Total Steam Gene rated = ?I‘{/ 900 (b5
FocmE 15-3"

Estimate /h';. Ener;l LonSymption = (U.-UII‘MI)X( P 900 (45
62, 600 165

=22 0745 kWh
For Werthingtpn D-832Y4!
Estimoated Avy- Eh'?ij consompeion = (9.2 I?ka/,)x(Z/t/: 920/bs
.2/,@&0/1’}
= 106, 0617 k Wh

X9) April 29,2013: Total Steam beperated = 636, 200 [bs
For cRE 15-3!
E} témated Iq‘l/f Ehe/,; onsumplien = (/7',2/“(%),\' 636! 700[5}
621l 600 (b5
=19.6727¢8 k Wh

For Worthington D-524:
Fstimate ¢ AV}’Eué’f?‘y EnsSemption =(92. 2198k Wh)x M”’S

6)// 600 ﬂ}
= 9.4s002 kK Wh

&

Based on the Calcolations Above:
April's eseimated Eneroy conSumption,;

For CRE 15-3 = 7296,9505 kWh
For Worfhin{gtm D-Frd= 38A5.653 A’W/_)
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Cose 3 Continved.
C ) Energy ConSvmption estimate Calcelotions ) provs €0 S
Wiethppt rnecorded power ConsSvmpition /ata; Based on th €
ES€imates Lovnd Loy /4/,1‘/ 20(3 pnd Steam Generation rotios.

|) May Q012 ¢ Total Steam Generated = |3, 620,200 lbS
) o Tk i

Estimated Enerﬁ Consomption = (96,9505 K Wh) X ( g ’6;;2 2;3 ’I:;)
/4
=415 66 kWi

For Worthing ton D-§2%:
Estimated Enevgy Consomption = (3825.653 kWh)x (;.53‘&?%%;_000 ;'55
el ) 200 165
=020 68 kWh

2)June 20)2: Total Steam Ge rated = 14, pao
For CRE 15-3 : " S

Estimoted Energy conSompit: = (79.9505 kWh ( 19,020, 700 lbs
7y T ) as,ﬂe,soo/g;)

= 422,583 kWh
For Worthington D-524:

Esimated Energy Consumption =(3825.653 klfh) x(ﬁw.az.o_a lbs
25,786,570 1js
= 2080. 99 kWh
5))“//= 200 Totel steon; 6enerated = I, 754,101 1bs
For CRE [5-3.
Estimated Ene’/;/ Consomption = (7%.9505 K“/}))’( 12, 959, (ol 145
25,786,500 165
= Ypo.356 K« Wh
For Woréhirytan V-84

Estimoted Ener; y (onSemption = (3525.6536Wh)x (12, 9549 (01 lbs
2% 786, 500 16,
= [F.85 kW)
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(ase3 Continved?

4) Avgust 2013 Total Steam tenerated = 14,783,000 Ibs
" For CRE 15-3:

Estcmated Energy conSumption =(796.9505 kwh ) x (W/ 783,000 b5
25, 786) 500 165
= 456.879 kWh

Fov. Wortnington D824 .
st imated . Cons o = (3825 6 x (14, 783, 0a0 lbs
Estima nergy ConsSvmp tion )’31(14//;) (2.5}1?56,‘5'00 o

= 273,17 kWh

5) September 2012 Total Steam Generated = 15,644, 100 163
For CHE 15-3:

Estimated Energy Consumption =( 796, %05 kh) X('Z 644, 100 1b5 3
" =ygzapem > " &500l6s

For Whrthington D-82Y:
Estimoted Encrgy Consomption=(3525. 655 k Wh)X ( 15,694, 100 165)
25,786, 500 165
=2320.94 kWh .

6)ctober 2012 i Tota| Steom Generated = 22,183, 200 [bS
For CRE I5-3:

Estimated E ner gy Consumpt ion = (7969505 KWh)X( 22, '53!20\9165)
25,786 500045,
=685598 kWh

For Wor thington  D-824:
Estimated E"e"fi ConSum ption =(3825,653 KWli)x (%%Q’ﬁj
/ ) 200
=329l.07 kWh

7) November 2012 : Total Steam Generated = 23 05|, 300 1S

For CRE |5 -3

Ese con (7769505 kWh)x (27,051,300 1b5
stimated Energy 001450071/)[051"(?7 9505 kWh) (Wlb}

= 236, 04 kW

N

For M/thl'nﬁfﬂn D-82Y.

Esei d Consumption = (3825.653 kW) ) x (27,051, 300 [bS
Stimate Enc,’/;/w onSump ¢ ion ( 6 4) m%j
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Casé 3 Cpnflhﬁf/fwnm '

8) Decembe v 2012 Total Stcam Generated = 34, 752, 700 bbs
—For CAE 15-3:

i on= (79, Wh)x (34 732,702 ks
Estimated Energy Consumption=(796,9505 k Wh) ( mw)
= 1074, ¢ kWh

For Wor thington D824 :
Estimated Energy consump tion=(3825 653 kWh ) x (;‘f ;521 f_glﬁj
5 785,
= 5156 87 kWh

9) Janvary 203! Total Steam Genevated = 37 793, 500 Ibs
For CKE |5 -3:

Estimated Enevgy tonsomption= (776, 9505 kWh) X (37,793, s00 lbs
5, 78€,500 Jbs
= ([65. 04 kWh

For Worthington D-824:

Estimated Energy Consvmption = (3825.653kWh) x (37,793, 500 l4s
’ HaE NERITEeR X (,15, 756,500 b5
= 8602 kWh

‘0) Ffb/l/ﬂ)’y 2013 Total Steam Generated = 3«:2, ?93) 700 |bs

For éﬁ‘E 153
Estemated Enevgy Lonsumption= (7%. 9505/(1//17))((32! gg3£700 Ibs)
25 756,500 [bs
=_10/6,29 kWh

Eor Wor thington D-82Y:
E;(’c’maéepl 5"6/7/ Cpn_sum/ét'ﬂh '—'—(3?)5-6.53[("”])/\' Wﬂ,‘o
A5 726,509 |65

= Y878.58 kWh
1) March Loi3: Total Stewm Generated = 3Y, 501, boo lbs

For CRE 15-3 ¢
Estimate Energy Consompeion= (76,7505 kW) x G‘I,Sol 600 IS
5 786,500 b5

= 10663 kWh

For Worthington D-gaH:

Estimated Ener;y fﬂnSumpﬁm =(3425.653 kl(/l;)X 3'!,50116010 /3]

25, 75,500 165
= 5184/ KMZ!Z
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CosS€3 Continved )

Based on tne estimates caleviat ed for each Montn, the
C’S(—imarca/ Annval c:’neryy cansempeion pa/ Cach ,aum/’ (5 Shotwn belot!

For CRE 15-3!

Annval Ese¢imoted Energy Consomption = E8L 7 5385 k Wh,
For Wor toning ton_ D-824:

Annval Estimated Encrgy tonsvmption = Y2 426.933 kK Wh
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Appendix I.1: Case 3 — Method B — Energy Consumption Hand Calculations

| Lase 3 Method B

)
¢

FO//WS Same procedvres and WSSumption s rom Cosed - MethodB
(n Appendix H.1.

For CRE 15-3 ¢ Data From Aprij 30 2003 3
Avg. fower (onsumption (April 30) = 0,800 457 kW
AV?. Flow rate (April30) = 56, 07767 (/M

KW . 0800452kw — 0014274 KW (onvert to I
OPm 56.07 96 7 6PM yﬁf/n (¢on 735
0.01492 74 K3y ? ‘fé’ﬂjgal) ( 1 £t3 605 0. 1026l#* KT

Total S team PfDJULKbe Powet Plont From MA; xeja. to A/’fl'/ 2003
Total steam (1b) =285, 974, 601 |b
CRE [5-3

Estimoted Annual Eneroy ConSumption = (),fﬁ; 97460l ”7) X ( 0.102617 i g.1>

= 2, 9346 X107 kJ
Convert to xWh i

Estimated Annval Encrgy Consumption for CRE l5-3 = 2.93%6x 107 Ky . S‘Zﬁgfﬂ? )
A Jog'
= 415166 KWh
Estimated Annval enlrgy (onSvmplion fovad Ystrg- WefhaJﬁl" (M Aﬁﬁen/(;\‘.[)

|2§Pkl€nt¢ 22&25‘_] e Wh

- gi/f/-éékw v = ,
(I 882 7'5‘//('”6)) wigay = Zééﬁd"//?rmzebgfw@fn es0lts.

For Worthinpton D824 Data from April 30, 5013

Average Pwer Consomption (kw)= 38424 86 kW

Average Flow vote (0Pm) =, 56.30 41 6/m

KW/ - 3802486 KW - 0067763 kw. ((onvert to 5_,):_)

oim 56-707%&/"1 w—pem 15%
0-067763 ,‘} 2.4805 ! ) 23 o N
Pz ifes (!IBI'B)(IM;> 0. 45 ’73_;;_2-
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Cose 3 Method B cont inved
Totol Stzam //odwea( From /V’a/? 201 throvph /lp,,’/gpg = 359, 971//501 lb

Worthéngton D-824
Estimpted annal Eneigy consumption = (283,974, 601 [b)+ (0482173 lczf_)
)

= 139319 xio¥ K7
Convert to KWh

s

3600,

= 396998 Kk\Wh

hf}(’l‘mafc’d/ Annva | Energy ConSomption Iﬂp vnd ysing ’717({/,9/,4 ‘én AP/!A dix I)
| 42426833 kWh
Ditfecence

| ('_ 386799, 8K Wh DXIOO% =_ 2,789 diffence betwee Resvtis

Y2 Y2 6:833KWh,

206
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Estimated Amuol Evergy Consomption For Worthington D824 = 1.37219x1 o’kr. ( | b
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Appendix J: Case 4 Energy Consumption Hand Calculations
|

%

1

X
nergy Lnsum pecon estimate calcviations Loy mon €h

(March) with “necorded power consomption Data :

1) Mar ch ‘2013.' Tgful S teom ﬁeng/at‘el/: 3‘// b—ol/ boo |lbs

FD/ CRE 15 =37 (wot Froviding water toheat Exchouger pue to low ‘Ibdmi"?/{

AV;' Powe " ConSomption = 17005 kW (Boseondata From
Morch 13,14, 18,19, 20, 21 aud 26)

)=(1.700511<W)x ( 44 hours)
= 165, 18 kWh

AVg. Mon th Energy (onsomption (kWh

For Woréht'n; ton D-8a ’/,' P/oyic/ing wete r to heot Zklhahﬁe‘r

AV Power consumption =_5. 492127 kKW

(kWh)= ( 548712 2x W) x( 7% hoors)

A Aath Eelrgg SOETagiie N e i b

Bused on the dato Lrom Cose A, Whep. the heafeahan/e/ aceess

valve was closed with the Woreh ington VL)Y pomp (n gperation, (&5
pow?r Lonsumption hod an amﬁ’m;e dm,o D-ﬂ apfmxima\ tély me_

Congiderinweg i the face that the CRE I5-3 did not provided qater
to theheot EwenangCr doe eo (ts bwdischarge pressvre when ZNtenning Cn level

COntrof m/c’) white the worthington d¢ pmw‘de waley tothe heat cxthanger,
this averoge dro/ Wl be vsed €o be tter estimate ﬁxeene’/ﬁy CONSUMpPEtion
diffevence petween tre L pomps. Becavse by usin 9 Stk power COoNSompPtron
drop bor the Wior enin g ton D-829pomp, One 15 aS5uming that wovld 2€present-
the power hece s5ary eo,ofaw'de water only €o th deéaerotor tanm, Just

like e CREB=3.
For Wor thington D-524 ; wot Prov(diny water to heat exchanger

wer (onsum ption :(5-‘137-127KW) ’(l~ 39488 KW)
= Y4 09Y225 kW

Avg. Manth Evecgy consomption (k Wh) = (414225 kW) x ( 244 hovrs)
=3081.93 kWh

AV;- Po
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Case Y continved ‘
b)Energy Clonsumption estimate calevlations br mipnths With ot
Aecorded power cons um,oﬁon datn, Based on Seeam Generation Retios !

D) April 2013: Total Steam generated = 18, 715, 700 [hs

For CRE 15-3: B
Estimated energy consvmpeion = (1265. 18 kiWh) x ( |8, 15, 700 lb;)
34,501,600 lbs

= 66,300 kWh
For Worthington D-§2Y4:

Qf}n;idcn‘ni heat €xchoang €r,

E;h‘maée«l eneryy cansumffl'on = ( Hog2. 42 Kl/h) x ( 18, 7(5) 700 lbs)

34,501 600 [bS
=214 h

Not Cousia’ell'u; Neat exchauger:
Estimpted Energy Lonsump bion = (505’/.531([4/};) x( 18,715,700 Ibs
3, 50,600 lés
= (671 727 kWh

9») /na# 201) { Total Stepm Genevated = I},éo}ﬂ, doo lbs
For CRE 15-3;
Estimated ener;; éan;un'yfl'on =(|l265. 18 KWA)X {3/ 620, a0 [bs

34, 501 ,600 165
= Y99.455 k Wh

For Worthington D-2211:
Conside ring heot Exchauglr :

Estimated emm;y éanfam’t/'on::.(qﬂf}. '7’,2[([4/11)4'(13/620!‘200 [L;)

34,500,600 |is
=lll.6) kWh
Not considering heat exchanger

Eseimated Energy consumption=(3081.83¢ Wh) X (1316) 0,200 /As)
3H)50(,600 Uss
3) June 20l : Total Steam Gencrated = 14,020,700 lbS
For CRE 15-3:
Estimated Eneryy Consumption = (1265.18 KW/))X ( 149000 700 IL()
34,501,600 Ws
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| Casel Continve J.‘ June dolo

For Worthington D-F2H:

Considertng  Heotr excnanyer

Eseimated Energy Consomption=( 1092, 42 kW))x ( 19,000, 700 155)
3 600 [b5
= (659,00 kwh 7

Not considering Heot Cxchanger |
Estimated energy con sumption=(3081.83 kW ) x < 14, 000, 700 IAJ’)

34,500, boo 165
= 252, 39 kWh T

Y) Tuly 2012 Totel Steam Generated = 13,954, 101 |bS
For CRE (5-3:

Estimated Energy Consvmption =(1265.18xWh) x( 12, 7%, 1oL 165
34,501,600 Iss
=475, 029 kiwh

For Worthington D-8Y
Considering Heat exthanger:
TEstimated Energy tonsemption = (4982 .42 lel)x (&Zﬂ‘l_[_ﬂ_/_ 165

3Y3s01,600 s
= 1532,8 kWwh

Mot Considering Heot exchanger '

EStimoted en'r Co &g = (303/:873 KW/I)X ('A 9.97 /ﬂ/ /65
i 34,521,600 1s5
= 115212 kWh

5) szust 200! Total Steam 7enerate;l = |4, ?33/000 lbs

For CRE I5-3:
Estima ted ene r9y ConSomptipn :(1,165. IKK%)X([‘Q 7£3l 000 165)
34,501,600 s,

= 54,095 kiwh

For Wortnington D-824;

Con 5(‘der{ug heat gxchon ger.

Estimoted ener gy Consumption = (‘[OX).‘[)_I(M,)X ( I4, 78 3, 000 ILS)
34,50, 600 (b5
= [749. 2| K\Wh.

WMot tonsidering Heat exchanger,:

E}HMJL"C!] 6’16/77 Consumption = (3081.83xWh) X("l | 783, 000 lb5
34,501 600 145
= 132048 k Wh

209

N



NS

Cose 4 continved:

6) September 2012 Total Steam Gererated = 15,649, 100 15

For CRE [5-3"
Estimoted Energy LonSvmption = (/)55,Ig/vl4/h)x(/5457 4,100 lhs
34,501, 6@ 1bs

= S P3 £ kWh

For Worthington D-82Y.
Congidering Heat exehouger
Estimao ted "en?f;ﬂ Consvmption = (‘/05) 2 kWh)X( 15,64, 100 IAS)

34, s0l, 600 lbs
= 1851 | kWh.
Mot LonSidering Heat exchonger !
Estimated energy consumption= (3081.83xWh) x ( 15, 694,12 1

349,50l,600 is
= 13724 kWh
7) October 20]). : Total Steom Generated = 22, 183, 200 [bs

For CRE 15-3"
Estimated energy consSumption :(l)bf.lfkw//p)x( 2_&43’3,200[45)

3Y, 50/, bOO S
= 9346kl

Fotr Worthingten D=82Y4:

Conside ring Héax exchunger!
Estimated energy consum peion=( 108X A2 Kwh)x (22,183, 00 lis

34, 501,600 145
= 2624 . §4 kWh
Mot tonsidering Heot exchanger
Estimated enerjy LonStmption =( 308183k Wh)x (2.1 ) 183, 200 |45

= 1991 Skl 34,501,600 165

8) Movember dol3: Total Steam Generated = 27,051,300 Ibs

For LRE I§-3
Estimated €nergy ¢onsvmption = (126518 kW ) x (2?!05I!)oo 1_4:)

39,501,600 b5
= 771. 976 kWh U

Fﬂ; Wor thington D-§24:
(omscdering heat Cxchanger :
Estimated enevyy ConSumption =(4082.4% cWh) x (2 7 051, 300 /45)

34, 500 6po 163
= 32,96 kW
Not considering heot exchamger:

Estimoted energy consumption = (308(. 83 kWh)X (27,051,300 145
34,500,600 lbs
= 246, 34 kWh
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CaS€ Y continved:
7) Lecermiber 201p.: Total Steam Generoted = 39, 75, , 7o lbs

For CRE 153
Estimated Cnevgy conScmption = (/).65. 12 wWh)x 3‘/! 752, Zoolhs

34, 54 17
:I,z?'?,_?fku/h /}0//500 S

(Fo r ‘y/or thing ton D-32Y:
onsideying Heat oxchotger !
E}{im afed €n€;)ﬁ (on Sum pt ion = ( l{ﬂf‘),‘{)_ KWA)X (M /55)

34,50 165
=1, 13 kW /oo

Not gonsidering Heat Exchanger
Estimated En€ryy ConSvwption =( 3041, gﬁlen)X(B‘f 752, 200 lbs

349,501, 600 s
= 3104, )bk wh

[0) Ja hual‘y 2013 Total Steam &en?ﬂaﬁ?/; 37/ ?75/5—00/55

. for CRE 15-3: Wh)x [ 357 :
stimated Energy, con Sumption = (1265.18 kWh)X 73,500 [bs
7 o ( 37, 251-200 Ibs

= 1385. 82k Wh .

For Wor thington D-224 "
Considering Heat exchanger:'
Estimapted e;'e’?? Con Sumpeon = ( HOgL .42 ku/ﬁ)x( 374793, 500 lts

34,50l 600 lis
=447l 9t kwh

Not considering Heot exchanger ! )
Estimoted cnergy Consumpelon = (3081. 83 kWh)x ( 374 793, 500 (45

34,500,600 /55
=33725.22 kWh
) February 2013 Total Steam Generated = 32,883, 700 1bS

For CRE 15-3.!
Estimated energy Consvmption =(1265.18 Kwh)k( 32,883,200 |65

39,501,600 (65
= 1205, 85 kwh

For Worthington D -8241
Considering Hea ¢ exchauger
Estimated energy Consompéion =(H082.42 kWh) X [ 32,88 3, 700 [bs

3‘// 50[/ 60() 1‘5
= 3890. 98 i Wh
Mot ronsidering heat exchonyer :

Estimated enerpy consomplion =( 3081.83 i« Wh)X<3)!5’33! 700 [bs
3‘//50// 60&/65
=937 31 kWh

~,
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Loase H Continved !

Based on tne esecmates Lor €ath month, the annval Ener gy consompéions
or this case arl $howhn below!

For CRE 15+3:
Estimated Amval Encrgy Consompbion = 1020 7, s ik Wh
For Wof('llihvgfﬂh D-8rY:

ConSi /c’rl'n,9 Heat exchan ger !

Estimated Annual Energy Consumption = 3300l, Y6 k Wh

Nt wnS(‘a/ert‘n:o Heat Exchonger !

Estimated Anneal Em?r” ConSumption = Q.ﬁ Z/é ) éz A M//)
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Appendix K: Case 1 Detailed Life Cycle Cost Report [23]

NIST BLCC 5.3-12: Detailed LCC Analysis

Consistent with Federal Life Cycle Cost Methodology and Procedures, 10 CFR, Part 436, Subpart A

General Information
FEMP
. Analysis,
Analysis Type: Eiengs
Project
) Variable
Project Name: Srimed Pammp
vs. Constant
Speed Pump
Project Location: Kansas
Fabian
Analyst: Philip
Schmidt
Base Date: 1-Apr-12
Service Date: 1-Apr-12
20 years O
months
(April 1,
Study Period: 2012
through
March 31,
2032)
Discount Rate: 3.50%
Discounting Convention: End-of-Year

Discount and Escalation Rates are NOMINAL
(inclusive of general inflation)

Case 1
Base Case - Worthington D-824 Constant Speed Pump
Initial Cost Data (not Discounted)

Initial Capital Costs

(adjusted for price escalation)
Initial Capital Costs for All
Components: $6,500
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Component: Initial Costs
Cost-Phasing

Date Portion | Yearly Cost
1-Apr-12 100% $6,500
Total (for Component) $6,500
IEnergy Costs: Electricity | |
(base-year dollars)
Average Average Average Average
Annual Annual
A 1U Price/Unit |A | Cost
nnual Usage ice/Uni nnual Cos Demand Rebate
53,394.6 kWh $0.079 $4,218 $480 SO

Water Costs: Make up Water Cost |

(base-year dollars)

Average Annual Usage

214

. Average
Wat Units/Y Price/Unit
ater nits/Year | Price/Uni P
1,696,280.0
Rat
©SamiprRates Gal| $0.00287 $4,868
@ Winter Rates 3,659,400.0
- Gal| $0.00287|  $10,502
Life-Cycle Cost Analysis
Present Annual
Value Value
Initial Capital Costs $6,500 $457
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $65,181 $4,587
Energy Demand Charges $7.417 $522
Energy Utility Rebates $0 S0
Subtotal (for Energy): $72,599 $5,109
Water Usage Costs $229,021 $16,116
Water Disposal Costs $0 $0




Operating, Maintenance &
Repair Costs

Component: Initial Costs FIESETL SnE]
P ) Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $2,000 $141
Subtotal (for OM&R): $22,000 $1,548
Replacements to Capital Present Annual
Components Value Value
Component: Initial Costs $2,000 $141
Subtotal (for
Replacements): $2,000 $141
P A |
Residual Value of Original resent nnua
. Value Value
Capital Components
Component: Initial Costs $0 %0
Subtotal (for Residual
Value): S0 SO
Residual Value of Capital Present Annual
Replacements Value Value
Component: Initial Costs %0 %0
Subtotal (for Residual
Value): S0 S0
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Alternative: Grundfos CRE 15-3 Variable Speed Pump

Initial Cost Data (not Discounted)

Initial Capital Costs
(adjusted for price escalation)

Initial Capital Costs for All

Components: $15,000

Component:

Cost-Phasing

Date Portion | Yearly Cost

1-Apr-12 100% $15,000

Total (for Component) $15,000

Energy Costs: Electricity

(base-year dollars)

Average Average Average Average
A | A |
Annual Usage Price/Unit |Annual Cost nnua nnua
Demand Rebate
53,621.5 kWh $0.08 $4,236 $480 S0

Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage

A
Water Units/Year | Price/Unit HRERES
Annual Cost
1,696,280.0
Summer Rates
e Gal| $0.00287 $4,868
@ Winter Rates SRR A0
Gal| $0.00287 $10,502
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Life-Cycle Cost Analysis

Present Annual
Value Value
Initial Capital Costs $15,000 $1,056
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $65,458 $4,606
E D d Ch
nergy Deman arges $7.417 $522
Energy Utility Rebates S0 S0
Subtotal (for Energy): $72,876 $5,128
Water Usage Costs $229,021 $16,116
Water Disposal Costs SO S0
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Operating, Maintenance &
Repair Costs

D — Present Annual
P ) Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $4,000 $281
Subtotal (for OM&R): $24,000 $1,689
Replacements to Capital Present Annual
Components Value Value
Component: $2,000 $141
Subtotal (for
Replacements): $2,000 $141
A |
Residual Value of Original FrRgent nnua
. Value Value
Capital Components
Component: S0 S0
Subtotal (for Residual
Value): SO S0
Residual Value of Capital Present Annual
Replacements Value Value
Component: $0 $0
Subtotal (for Residual
Value): $0 $0
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Appendix L: Case 2 with Heat Exchanger Valve Open, Detailed Life Cycle
Cost Report [23]

NIST BLCC 5.3-12: Detailed LCC Analysis

Consistent with Federal Life Cycle Cost Methodology and Procedures, 10 CFR, Part 436, Subpart A

General Information
FEMP
Analysis Type: Analysls,
Energy
Project
Project Name: S
Speed Pump
vs. Constant
Speed Pump
Project Location: Kansas
Fabian
Analyst: Philip
Schmidt
Base Date: 1-Apr-12
Service Date: 1-Apr-12
20 years O
months
(April 1,
Study Period: 2012
through
March 31,
2032)
Discount Rate: 3.50%
Discounting Convention: End-of-Year

Discount and Escalation Rates are NOMINAL
(inclusive of general inflation)

Case 2 - Heat Exchanger
Valve Open

Base Case - Worthington D-824 Constant Speed Pump

Initial Cost Data (not Discounted)
Initial Capital Costs

(adjusted for price escalation)
Initial Capital Costs for All
Components: $6,500
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Component: Initial Costs
Cost-Phasing

Date Portion | Yearly Cost
1-Apr-12 100% $6,500
Total (for Component) $6,500
IEnergy Costs: Electricity I ]
(base-year dollars)
Average Average Average Average
Annual Annual
Annual U Price/Unit |Annual Cost
ual Usage rice/ ual Cos Demand Beliate
43,620.5 kWh $0.079 $3,446 $480 S0

Water Costs: Make up Water Cost

|

(base-year dollars)

Average Annual Usage

: . . Average
Wat ts/Y P
ater Units/Year | Price/Unit Afiriial Cost
@ Summer Rates %055,400.0
Gal| $0.00287 $5,900
@ Winter Rates sl 1800
Gal $0.00287 $12,605
Life-Cycle Cost Analysis
Present Annual
Value Value
Initial Capital Costs $6,500 $457
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $53,250 $3,747
Energy Demand Charges $7.417 $522
Energy Utility Rebates S0 S0
Subtotal (for Energy): $60,667 $4,269
Water Usage Costs $275,720 $19,402
Water Disposal Costs S0 SO
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Operating, Maintenance &
Repair Costs
. Present Annual
Component: Initial Costs
Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $2,000 $141
Subtotal (for OM&R): $22,000 $1,548
Replacements to Capital Present Annual
Components Value Value
Component: Initial Costs
: $2,000 $141
Subtotal (for
Replacements): $2,000 $141
Residual Value of Original Present Annual
) Value Value
Capital Components
Component: Initial Costs
i 50 $0
Subtotal (for Residual
Value): S0 SO
Residual Value of Capital Present Annual
Replacements Value Value
Com t: Initial Cost:
omponent: Initial Costs $0 $0
Subtotal (for Residual
Value): $0 S0
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Alternative: Grundfos CRE 15-3 Variable Speed Pump

Initial Cost Data (not Discounted)

Initial Capital Costs

(adjusted for price escalation)

Initial Capital Costs for All

Components: $15,000

Component:

Cost-Phasing

Date Portion | Yearly Cost

1-Apr-12 100% $15,000

Total (for Component) $15,000

Energy Costs: Electricity

(base-year dollars)

Average Average Average Average
A | Annual
Annual Usage Price/Unit |Annual Cost nnua n
Demand Rebate
49,410.4 kWh $0.079 $3,903 $480 S0

Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage

Average
Wi Units/Y Price/Unit
ater nits/Year | Price/Uni Annual Cost
@ Summer Rates 200559000
Gal| $0.00287 $5,900
@ Winter Rates Whalaal)
. Gal| $0.00287|  $12,605
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Life-Cycle Cost Analysis

Present Annual

Value Value
Initial Capital Costs $15,000 $1,056

Present Annual

Energy Costs Value Value

Energy Consumption

Costs $60,318 $4,244
Energy Demand Charges $7.417 $522
Energy Utility Rebates SO S0
Subtotal (for Energy): $67,735 $4,766
Water Usage Costs $275,720 $19,402
Water Disposal Costs S0 $0
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Operating, Maintenance &
Repair Costs

P — Present Annual
P ) Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $4,000 $281
Subtotal (for OM&R): $24,000 $1,689
Replacements to Capital Present Annual
Components Value Value
Component: $2,000 $141
Subtotal (for
Replacements): $2,000 S141
P t A |
Residual Value of Original KSR AR
) Value Value
Capital Components
Component: SO SO
Subtotal (for Residual
Value): SO SO
Residual Value of Capital Present Annual
Replacements Value Value
Component: SO S0
Subtotal (for Residual
Value): SO S0
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Appendix M: Case 2 with Heat Exchanger Valve Closed — Method A —
Detailed Life Cycle Cost Report [23]

NIST BLCC 5.3-12: Detailed LCC Analysis

Consistent with Federal Life Cycle Cost Methodology and Procedures, 10 CFR, Part 436, Subpart A

General Information

FEMP
Analysis,
Energy
Project

Analysis Type:

Variable
Speed Pump
vs. Constant
Speed Pump
Project Location: Kansas
Fabian
Analyst: Philip
Schmidt
Base Date: 1-Apr-12
Service Date: 1-Apr-12
20 years 0

months
(April 1,
Study Period: 2012
through
March 31,

2032)

Discount Rate: 3.50%

Project Name:

Discounting Convention:

End-of-Year

Discount and Escalation Rates are NOMINAL
(inclusive of general inflation)

Case 2 - Heat Exchanger
Valve Closed - Method A

Base Case - Worthington D-824 Constant Speed Pump

Initial Cost Data (not Discounted)
Initial Capital Costs

(adjusted for price escalation)
Initial Capital Costs for All
Components: $6,500
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Component: Initial Costs
Cost-Phasing

Date Portion | Yearly Cost
1-Apr-12 100% $6,500
Total (for Component) $6,500

@ergy Costs: Electricity |

(base-year dollars)

Average Average Average Average
Al | Al |
Annual Usage Price/Unit |Annual Cost nnua nnua
Demand Rebate
32,879.0 kWh $0.079 $2,597 $480 S0

Water Costs: Make up Water Cost

]

(base-year dollars)

Average Annual Usage
. & < Average
Water Units/Year | Price/Unit
Annual Cost
2,055,900.0
S Rat
EHBnIER RS Gal|  $0.00287 $5,900
@ Winter Rates 4,391,860.0
inte
Gal| $0.00287 $12,605
Life-Cycle Cost Analysis
Present Annual
Value Value
Initial Capital Costs $6,500 $457
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $40,137 $2,824
Energy Demand Charges $7.417 $522
Energy Utility Rebates S0 $0
Subtotal (for Energy): $47,554 $3,346
Water Usage Costs $275,720 $19,402
Water Disposal Costs S0 S0
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Operating, Maintenance &
Repair Costs
P
Component: Initial Costs ERE: Annuel
Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $2,000 $141
Subtotal (for OM&R): $22,000 $1,548
Replacements to Capital Present Annual
Components Value Value
Component: Initial Costs
P $2,000 $141
Subtotal (for
Replacements): $2,000 $141
Residual Value of Original Rresent Al
R Value Value
Capital Components
Component: Initial Costs
P 30 $0
Subtotal (for Residual
Value): S0 S0
Residual Value of Capital Present Annual
Replacements Value Value
Component: Initial Costs
. $0 $0
Subtotal (for Residual
Value): SO S0
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Alternative: Grundfos CRE 15-3 Variable Speed Pump

Initial Cost Data (not Discounted)

Initial Capital Costs

(adjusted for price escalation)

Initial Capital Costs for All

Components: $15,000

Component:

Cost-Phasing

Date Portion | Yearly Cost

1-Apr-12 100% $15,000

Total (for Component) $15,000

Energy Costs: Electricity

(base-year dollars)

Average Average Average Average
A | A |
Annual Usage Price/Unit [Annual Cost i AEAEER
Demand Rebate
24,037.1 kWh $0.079 $1,899 $480 SO

Water Costs: Make up Water Cost

]

(base-year dollars)

Average Annual Usage
. a . Average
Water Units/Year | Price/Unit
Annual Cost
@ Summer Rates e
Gal $0.00287 $5,900
@ Winter Rates 430LE00
Gal $0.00287 $12,605
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Life-Cycle Cost Analysis

Present Annual

Value Value
Initial Capital Costs $15,000 $1,056

Present Annual

Energy Costs Value Value

Energy Consumption

Costs $29,343 $2,065
Energy Demand Charges $7.417 $522
Energy Utility Rebates S0 SO
Subtotal (for Energy): $36,760 $2,587
Water Usage Costs $275,720 $19,402
Water Disposal Costs S0 SO
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Operating, Maintenance &
Repair Costs

Present Annual
Component:
Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $4,000 $281
Subtotal (for OM&R): $24,000 $1,689
Replacements to Capital Present Annual
Components Value Value
Component: $2,000 $141
Subtotal (for
Replacements): $2,000 $141
t A |
Residual Value of Original Freses Rasa
R Value Value
Capital Components
Component: $0 $0
Subtotal (for Residual
Value): S0 S0
Residual Value of Capital Present Annual
Replacements Value Value
Component: S0 SO
Subtotal (for Residual
Value): S0 S0
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Appendix M.1: Case 2 with Heat Exchanger Valve Closed — Method B -
Detailed Life Cycle Cost Report [23]

NIST BLCC 5.3-12: Detailed LCC Analysis

Consistent with Federal Life Cycle Cost Methodology and Procedures, 10 CFR, Part 436, Subpart A

General Information
FEMP
Analysis Type: Analysis,
Energy
Project
Project Name: Variable
Speed Pump
vs. Constant
Speed Pump
Project Location: Kansas
Fabian
Analyst: Philip
Schmidt
Base Date: 1-Apr-12
Service Date: 1-Apr-12
20 years O
months
(April 1,
Study Period: 2012
through
March 31,
2032)
Discount Rate: 3.50%
Discounting Convention: End-of-Year

Discount and Escalation Rates are NOMINAL
(inclusive of general inflation)

Case 2 - Heat Exchanger
Valve Closed - Method B

Base Case - Worthington D-824 Constant Speed Pump

Initial Cost Data (not Discounted)
Initial Capital Costs

(adjusted for price escalation)
Initial Capital Costs for All
Components: $6,500
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Component: Initial Costs
Cost-Phasing

Date Portion |Yearly Cost

1-Apr-12 100% $6,500

Total (for Component) $6,500

|Energy Costs: Electricity |

(base-year dollars)

Average Average Average Average
Annual Annual
Annual Usage Price/Unit |Annual Cost “ “
Demand Rebate
30,957.0 kWh $0.079 $2,446 $480 S0

Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage
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Average
Water Units/Year | Price/Unit &
Annual Cost
@ Summer Rates 2,055,900.0
u
Gal| 50.00287 $5,900
@ Winter Rates 4,391,860.0
1
Gal $0.00287 $12,605
Life-Cycle Cost Analysis
Present Annual
Value Value
Initial Capital Costs $6,500 $457
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $37,791 $2,659
E D h
nergy Demand Charges $7.417 8522
Energy Utility Rebates S0 S0
Subtotal (for Energy): $45,208 $3,181
Water Usage Costs $275,720 $19,402
Water Disposal Costs S0 S0




Operating, Maintenance &
Repair Costs

. Present Annual
Component: Initial Costs
Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $2,000 S$141
Subtotal (for OM&R): $22,000 $1,548
Replacements to Capital Present Annual
Components Value Value
: Initial
Component: Initial Costs $2,000 $141
Subtotal (for
Replacements): $2,000 $141
Present Annual
Residual Value of Original
R Value Value
Capital Components
Component: Initial Costs
p iti %0 %0
Subtotal (for Residual
Value): S0 S0
Residual Value of Capital Present Annual
Replacements Value Value
Component: Initial Costs
P " $0 $0
Subtotal (for Residual
Value): S0 S0
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Alternative: Grundfos CRE 15-3 Variable Speed Pump

Initial Cost Data (not Discounted)

Initial Capital Costs
(adjusted for price escalation)

Initial Capital Costs for All

Components: 515,000

Component:

Cost-Phasing

Date Portion |Yearly Cost

1-Apr-12 100% $15,000

Total (for Component) $15,000

Energy Costs: Electricity

(base-year dollars)

Average Average Average Average
A I A |
Annual Usage Price/Unit |Annual Cost nnua nnua
Demand Rebate
20,423.5 kWh $0.079 $1,613 $480 S0

Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage

Water Units/Year | Price/Unit Average
Annual Cost
@ Summer Rates 2,055,900.0
Gal $0.00287 $5,900
@ Winter Rates 4,391,860.0
Gal $0.00287 512,605

234




Life-Cycle Cost Analysis

Present Annual
Value Value
Initial Capital Costs $15,000 $1,056
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $24,932 $1,754
Energy Demand Charges $7.417 4522
Energy Utility Rebates $0 S0
Subtotal (for Energy): $32,349 52,276
Water Usage Costs $275,720 $19,402
Water Disposal Costs $0 S0
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Operating, Maintenance &
Repair Costs

Present Annual
Component:
Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $4,000 $281
Subtotal (for OM&R): $24,000 $1,689
Replacements to Capital Present Annual
Components Value Value
Component: $2,000 $141
Subtotal (for
Replacements): $2,000 $141
P A |
Residual Value of Original resent nnua
. Value Value
Capital Components
Component: S0 S0
Subtotal (for Residual
Value): S0 $0
Residual Value of Capital Present Annual
Replacements Value Value
Component: S0 S0
Subtotal (for Residual
Value): S0 $0
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Appendix N: Case 3 — Method A — Detailed Life Cycle Cost Report [23]

NIST BLCC 5.3-12: Detailed LCC Analysis

Consistent with Federal Life Cycle Cost Methodology and Procedures, 10 CFR, Part 436, Subpart A

General Information

FEMP
Analysis,
Energy
Project

Analysis Type:

Variable
Speed Pump
vs. Constant
Speed Pump
Project Location: Kansas
Fabian
Analyst: Philip
Schmidt
Base Date: 1-Apr-12
Service Date: 1-Apr-12
20 years 0

months
(April 1,
Study Period: 2012
through
March 31,

2032)

Discount Rate: 3.50%

Project Name:

Discounting Convention:
iscounting Conventio End-of-Year

Discount and Escalation Rates are NOMINAL
(inclusive of general inflation)

Case 3 - Method A
Base Case - Worthington D-824 Constant Speed Pump
Initial Cost Data (not Discounted)

Initial Capital Costs

(adjusted for price escalation)
Initial Capital Costs for All
Components: $6,500
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Component: Initial Costs
Cost-Phasing

Date Portion | Yearly Cost
1-Apr-12 100% $6,500
Total (for Component) $6,500
hinergy Costs: Electricity I I
(base-year dollars)
Average Average Average Average
Annual Annual
A | Price/Unit |A |
nnual Usage rice/Uni nnual Cost g Rubite
42,426.8 kWh $0.079 $3,352 $480 SO

Water Costs: Make up Water Cost |

]

(base-year dollars)

Average Annual Usage

" 5 " Average
ts/Y P
Water Units/Year | Price/Unit Bineua] Gt
@ Summer Rates R/035,800.0
s Gal| $0.00287 $5,900
@ Winter Rat 4,391,860.0
inter Rates Gal| $0.00287|  $12,605
Life-Cycle Cost Analysis
Present Annual
Value Value
Initial Capital Costs $6,500 $457
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $51,792 $3,645
Energy Demand Charges $7.417 $522
Energy Utility Rebates SO S0
Subtotal (for Energy): $59,210 $4,166
Water Usage Costs $275,720 $19,402
Water Disposal Costs $0 $0
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Operating, Maintenance &
Repair Costs
Component: Initial Costs Present Annual
P ’ Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $2,000 $141
Subtotal (for OM&R): $22,000 $1,548
Replacements to Capital Present Annual
Components Value Value
Component: Initial Costs $2,000 $141
Subtotal (for
Replacements): $2,000 $141
P t A |
Residual Value of Original reRel e
. Value Value
Capital Components
Component: Initial Costs $0 %0
Subtotal (for Residual
Value): SO S0
Residual Value of Capital Present Annual
Replacements Value Value
Component: Initial Costs 50 50
Subtotal (for Residual
Value): SO S0
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Alternative: Grundfos CRE 15-3 Variable Speed Pump

Initial Cost Data (not Discounted)

Initial Capital Costs

(adjusted for price escalation)

Initial Capital Costs for All

Components: $15,000

Component:

Cost-Phasing

Date Portion | Yearly Cost

1-Apr-12 100% $15,000

Total (for Component) $15,000

Energy Costs: Electricity

(base-year dollars)

Average Average Average Average
A | A |
Annual Usage Price/Unit [Annual Cost e anue
Demand Rebate
8,827.5 kWh $0.079 $697 $480 SO

Water Costs: Make up Water Cost |

(base-year dollars)

Average Annual Usage

Average
Water Units/Year | Price/Unit g
Annual Cost
2,055,900.0
5 Sty Rates Gal| $0.00287 $5,900
@ Winter Rates 4,331.8600
Gal $0.00287 $12,605
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Life-Cycle Cost Analysis

Present Annual

Value Value
Initial Capital Costs $15,000 $1,056

Present Annual

Energy Costs Value Value

Energy Consumption

Costs $10,776 $758
Energy Demand Charges $7.417 $522
Energy Utility Rebates $0 S0
Subtotal (for Energy): $18,193 $1,280
Water Usage Costs $275,720 $19,402
Water Disposal Costs SO SO
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Operating, Maintenance &
Repair Costs

o — Present Annual
P ) Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $4,000 $281
Subtotal (for OM&R): $24,000 $1,689
Replacements to Capital Present Annual
Components Value Value
Component: $2,000 $141
Subtotal (for
Replacements): $2,000 $141
P t Al
Residual Value of Original resen il
R Value Value
Capital Components
Component: SO SO
Subtotal (for Residual
Value): SO SO
Residual Value of Capital Present Annual
Replacements Value Value
Component: SO SO
Subtotal (for Residual
Value): SO SO
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Appendix N.1: Case 3 — Method B — Detailed Life Cycle Cost Report [23]

NIST BLCC 5.3-12: Detailed LCC Analysis

Consistent with Federal Life Cycle Cost Methodology and Procedures, 10 CFR, Part 436, Subpart A

General Information

FEMP
Analysis,
Energy
Project

Analysis Type:

Variable
Speed Pump
vs. Constant
Speed Pump
Project Location: Kansas
Fabian
Analyst: Philip
Schmidt
Base Date: 1-Apr-12
Service Date: 1-Apr-12
20 years 0

months
(April 1,
Study Period: 2012
through
March 31,

2032)

Discount Rate: 3.50%

Project Name:

Discounting Convention:
& End-of-Year

Discount and Escalation Rates are NOMINAL
(inclusive of general inflation)

Case 3 - Method B
Base Case - Worthington D-824 Constant Speed Pump
Initial Cost Data (not Discounted)

Initial Capital Costs

(adjusted for price escalation)
Initial Capital Costs for All
Components: $6,500
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Component: Initial Costs
Cost-Phasing

Date Portion | Yearly Cost

1-Apr-12 100% $6,500

Total (for Component) $6,500

[Energy Costs: Electricity | |

(base-year dollars)

Average Average Average Average
A 1 A |
Annual Usage Price/Unit |Annual Cost nnua nnua
Demand Rebate
38,699.8 kWh $0.079 53,057 $480 S0

|Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage
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) . . Average
Water Units/Year | Price/Unit
Annual Cost
@ Summer Rates 2,055,900.0
ummer Gal| $0.00287 $5,900
4,391,860.0
Winter Rat
@ Winter Rates Gal| $0.00287|  $12,605
Life-Cycle Cost Analysis
Present Annual
Value Value
Initial Capital Costs $6,500 $457
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $47,243 $3,324
h
Energy Demand Charges 47417 $522
Energy Utility Rebates $0 $0
Subtotal (for Energy): $54,660 $3,846
Water Usage Costs $275,720 $19,402
Water Disposal Costs S0 S0




Operating, Maintenance &
Repair Costs
Component: Initial Costs Present Annual
H It
P Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $2,000 $141
Subtotal (for OM&R): $22,000 $1,548
Replacements to Capital Present Annual
Components Value Value
: Initial
Component: Initial Costs $2,000 $141
Subtotal (for
Replacements): $2,000 $141
P t A |
Residual Value of Original resen nnua
. Value Value
Capital Components
Component: Initial Costs %0 0
Subtotal (for Residual
Value): S0 S0
Residual Value of Capital Present Annual
Replacements Value Value
mponent: Initial
Component: Initial Costs %0 %0
Subtotal (for Residual
Value): 50 $0
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Alternative: Grundfos CRE 15-3 Variable Speed Pump

Initial Cost Data (not Discounted)

Initial Capital Costs
(adjusted for price escalation)

Initial Capital Costs for All

Components: $15,000
Component:
Cost-Phasing
Date Portion | Yearly Cost
1-Apr-12 100% $15,000
Total (for Component) $15,000
Energy Costs: Electricity
(base-year dollars)
Average Average Average Average
Annual Annual
Annual Usage Price/Unit |Annual Cost
Demand Rebate
8,151.7 kWh $0.079 S644 $480 S0

Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage

. . . Average
Water Units/Year | Price/Unit
Annual Cost
@s Rat 2,055,900.0
ummer Rates
Gal $0.00287 $5,900
@ Winter Rates 4,391,860.0
Gal $0.00287 $12,605
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Life-Cycle Cost Analysis

Present Annual

Value Value
Initial Capital Costs $15,000 51,056

Present Annual

Energy Costs Value Value

Energy Consumption

Costs $9,951 $700
Energy Demand Charges $7.417 $522
Energy Utility Rebates S0 S0
Subtotal (for Energy): $17,368 51,222
Water Usage Costs $275,720 $19,402
Water Disposal Costs S0 $0
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Operating, Maintenance &
Repair Costs

Component: Present Annual
P ) Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $4,000 5281
Subtotal (for OM&R): $24,000 $1,689
Replacements to Capital Present Annual
Components Value Value
Component: 52,000 5141
Subtotal (for
Replacements): 52,000 $141
Residual Value of Original Present Annual
R Value Value
Capital Components
Component: S0 ]
Subtotal (for Residual
Value): $0 $0
Residual Value of Capital Present Annual
Replacements Value Value
Component: S0 S0
Subtotal (for Residual
Value): $0 $0
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Appendix O: Case 4 — Considering Heat Exchanger, Detailed Life Cycle Cost
Report [23]

NIST BLCC 5.3-12: Detailed LCC Analysis

Consistent with Federal Life Cycle Cost Methodology and Procedures, 10 CFR, Part 436, Subpart A

General Information

FEMP
Analysis,
Energy
Project

Analysis Type:

Variable
Speed Pump
vs. Constant
Speed Pump
Project Location: Kansas
Fabian
Analyst: Philip
Schmidt
Base Date: 1-Apr-12
Service Date: 1-Apr-12
20 years 0

months
(April 1,
Study Period: 2012
through
March 31,

2032)

Discount Rate: 3.50%

Project Name:

Discounting Convention:

End-of-Year

Discount and Escalation Rates are NOMINAL
(inclusive of general inflation)

Case 4 - Considering Heat
Exchanger for D-824

Base Case - Worthington D-824 Constant Speed Pump

Initial Cost Data (not Discounted)
Initial Capital Costs

(adjusted for price escalation)
Initial Capital Costs for All
Components: $6,500
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Component: Initial Costs
Cost-Phasing

Date Portion | Yearly Cost
1-Apr-12 100% $6,500
Total (for Component) $6,500
[Energy Costs: Electricity | |
(base-year dollars)
Average Average Average Average
Annual Annual
A U Price/Unit |A | Cost
nnual Usage ice/Unit [Annual Cos Bemand Rebate
33,001.5 kWh $0.079 $2,607 $480 S0

Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage

" . " Average
Wat Units/Ye P Unit
ater its/Year | Price/Uni Annual Cost
@ Summer Rates Yanen
Gal| $0.00287 $4,868
4,391,860.0
Winter R T
& Winer Rates Gal| $0.00287|  $12,605
Life-Cycle Cost Analysis
Present Annual
Value Value
Initial Capital Costs $6,500 $457
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $40,286 $2,835
Energy Demand Charges $7.417 $522
Energy Utility Rebates S0 SO
Subtotal (for Energy): $47,704 $3,357
Water Usage Costs $260,342 $18,320
Water Disposal Costs S0 S0
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Operating, Maintenance &
Repair Costs
Present A |
Component: Initial Costs " R
Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $2,000 $141
Subtotal (for OM&R): $22,000 $1,548
Replacements to Capital Present Annual
Components Value Value
Component: Initial Costs
P $2,000 $141
Subtotal (for
Replacements): $2,000 $141
Residual Value of Original Fesan AROEE)
< Value Value
Capital Components
Component: Initial Costs
F S0 S0
Subtotal (for Residual
Value): S0 S0
Residual Value of Capital Present Annual
Replacements Value Value
Component: Initial Costs %0 %0
Subtotal (for Residual
Value): S0 S0
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Alternative: Grundfos CRE 15-3 Variable Speed Pump

Initial Cost Data (not Discounted)

Initial Capital Costs

(adjusted for price escalation)

Initial Capital Costs for All

Components: $15,000
Component:
Cost-Phasing
Date Portion | Yearly Cost
1-Apr-12 100% $15,000
Total (for Component) $15,000
Energy Costs: Electricity
(base-year dollars)
Average Average Average Average
Annual Annual
A U Price/Unit |A | Cost
nnual Usage rice/Unit |Annual Cos —— BBt
10,227.4 kWh $0.079 $808 $480 S0

Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage

. ) ) Average
t Units/Year | P
Water nits/Year | Price/Unit Kiiiial Coist
1,696,280.0
£ StpimeF: Rajes Gal| $0.00287 $4,868
} 4,391,860.0
CoURter Rates Gal|l $0.00287|  $12,605
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Life-Cycle Cost Analysis

Present Annual

Value Value
Initial Capital Costs $15,000 $1,056

Present Annual

Energy Costs Value Value

Energy Consumption

Costs $12,485 $879
Energy Demand Charges $7.417 $522
Energy Utility Rebates S0 SO
Subtotal (for Energy): $19,902 $1,400
Water Usage Costs $260,342 $18,320
Water Disposal Costs S0 S0
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Operating, Maintenance &
Repair Costs

Present Annual
Component:
Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $4,000 $281
Subtotal (for OM&R): $24,000 $1,689
Replacements to Capital Present Annual
Components Value Value
Component: $2,000 $141
Subtotal (for
Replacements): $2,000 $141
P A |
Residual Value of Original resenk ey
R Value Value
Capital Components
Component: S0 S0
Subtotal (for Residual
Value): S0 S0
Residual Value of Capital Present Annual
Replacements Value Value
Component: SO S0
Subtotal (for Residual
Value): SO S0
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Appendix P: Case 4- Not Considering Heat Exchanger, Detailed Life Cycle
Cost Report [23]

NIST BLCC 5.3-12: Detailed LCC Analysis

Consistent with Federal Life Cycle Cost Methodology and Procedures, 10 CFR, Part 436, Subpart A

General Information
FEMP
i Analysis,
Analysis Type: EHEHE)
Project
Project Name: ¥afible
Speed Pump
vs. Constant
Speed Pump
Project Location: Kansas
Fabian
Analyst: Philip
Schmidt
Base Date: 1-Apr-12
Service Date: 1-Apr-12
20 years 0
months
(April 1,
Study Period: 2012
through
March 31,
2032)
Discount Rate: 3.50%
Discounting Convention: End-of-Year

Discount and Escalation Rates are NOMINAL
(inclusive of general inflation)

Case 4 - NOT Considering
Heat Exchanger for D-824

Base Case - Worthington D-824 Constant Speed Pump

Initial Cost Data (not Discounted)
Initial Capital Costs

(adjusted for price escalation)
Initial Capital Costs for All
Components: $6,500
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Component: Initial Costs
Cost-Phasing

Date Portion | Yearly Cost

1-Apr-12 100% $6,500

Total (for Component) $6,500

|Energy Costs: Electricity | |

(base-year dollars)

Average Average Average Average
A | Al |
Annual Usage Price/Unit [Annual Cost nnua nnua
Demand Rebate
24,912.9 kWh $0.079 $1,968 $480 S0

Water Costs: Make up Water Cost |

(base-year dollars)

Average Annual Usage
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A
Water Units/Year | Price/Unit verage
Annual Cost
@ Summer Rates LS00
Gal| $0.00287 $4,868
@ Winter Rates Sl Bl
Gal| $0.00287 $12,605
Life-Cycle Cost Analysis
Present Annual
Value Value
Initial Capital Costs $6,500 $457
Present Annual
Energy Costs Value Value
Energy Consumption
Costs $30,412 $2,140
Energy Demand Charges $7.417 $522
Energy Utility Rebates SO S0
Subtotal (for Energy): $37,830 $2,662
Water Usage Costs $260,342 $18,320
Water Disposal Costs S0 $0




Operating, Maintenance &
Repair Costs
Component: Initial Costs Present Rt
P ) Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $2,000 $141
Subtotal (for OM&R): $22,000 $1,548
Replacements to Capital Present Annual
Components Value Value
C t: Initial
omponent: Initial Costs $2,000 $141
Subtotal (for
Replacements): $2,000 $141
t A |
Residual Value of Original RIEEEN e
R Value Value
Capital Components
Component: Initial Costs $0 %0
Subtotal (for Residual
Value): $0 $0
Residual Value of Capital Present Annual
Replacements Value Value
C t: Initial Costs
omponent: Initia %0 %0
Subtotal (for Residual
Value): $0 $0
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Alternative: Grundfos CRE 15-3 Variable Speed Pump

Initial Cost Data (not Discounted)

Initial Capital Costs
(adjusted for price escalation)

Initial Capital Costs for All

Components: $15,000
Component:
Cost-Phasing
Date Portion | Yearly Cost
1-Apr-12 100% $15,000
Total (for Component) $15,000
Energy Costs: Electricity
(base-year dollars)
Average Average Average Average
Annual Annual
A | Price/Unit [A | Cost
nnual Usage rice/Unit |Annual Cos Daitiaid Rebats
10,227.4 kWh $0.079 $808 $480 SO

Water Costs: Make up Water Cost

(base-year dollars)

Average Annual Usage

- ; . Average
Units/Year | P

Water nits/Year | Price/Unit AT Chk
@ Summer Rates 1.69,230.0

“ Gal| $0.00287 $4,868
— 4,391,860.0

r
il Gal| $0.00287|  $12,605
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Life-Cycle Cost Analysis

Present Annual

Value Value
Initial Capital Costs $15,000 $1,056

Present Annual

Energy Costs Value Value

Energy Consumption
Costs $12,485 $879
D d Ch

Energy Deman arges $7.417 $522
Energy Utility Rebates S0 S0
Subtotal (for Energy): $19,902 $1,400
Water Usage Costs $260,342 $18,320
Water Disposal Costs SO S0
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Operating, Maintenance &
Repair Costs

Present Annual
Component:
Value Value
Annually Recurring
Costs $20,000 $1,407
Non-Annually Recurring
Costs $4,000 $281
Subtotal (for OM&R): $24,000 $1,689
Replacements to Capital Present Annual
Components Value Value
Component: $2,000 $141
Subtotal (for
Replacements): $2,000 $141
Residual Value of Original Fresem Aty
. Value Value
Capital Components
Component: $0 $0
Subtotal (for Residual
Value): $0 S0
Residual Value of Capital Present Annual
Replacements Value Value
Component: S0 SO
Subtotal (for Residual
Value): S0 S0
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