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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 
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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 pumpôs 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 pumpsô 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 pumpsô 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 worldôs 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. 

 

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]. 
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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 systemôs friction head: 

 

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].  
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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 systemôs 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]. 
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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. 
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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 

pumpôs 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 ï 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. ñHeadò is related to 

pressure and ñCapacityò 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 pumpôs 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]. 
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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. 



9 
 

In Queens, New York, the stateôs 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 ñimpingement and 

entrainment of aquatic organisms and minimize environmental impactsò [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 
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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 pumpôs 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 pumpsô computer, this increased the power required to about 39.14 HP. 

Therefore, according to Austin, ñat 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 GPMò. 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 Aff inity 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 computerôs 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 ñthe total cost of ownership of machinery and equipment, 

including its cost of acquisition, operation, maintenance, conversion and/or decommissionò [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 ñscratchò, 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. DOEôs 

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 pumpsô 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 projectôs costs into the software; and DOE updates the inflation and escalation 

rates used by the software at the beginning of every fiscal year (October 1st) so that present and 

future values are calculated accurately [20].  

Since pumping systems account for about 20% of the worldôs energy used by electric motors [6] 

and between 25% and 50% of energy usage in certain industrial facilities [6], it is very important 



14 
 

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 + Cd     (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 Energyôs 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.  

 

  



15 
 

1.4 Scope of Work 

In this work, two ñBoosterpaQ® Hydro MPC CRE 15-3ò 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. 



16 
 

 

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 

boilersô 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:  

(i) 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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(ii)  Preheats the water through the contact that the water has with the steam, so that boiler 

efficiency is increased;  

(iii)  It stores the ñair reducedò water so that the boilers always have a supply of hot 

deaerated water to meet the systemôs demands [26]. Figure 8 shows a basic schematic 

of a tray-type deaerator tank similar to the one used in The University of Kansasô 

Power Plant [24]. 

 

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 

plantôs 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 plantôs 

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. 
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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 Eq. (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 = I + Repl ï Res + E + W + OM&R                        (2) 

The nomenclature defines all terms in Eq. (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 Kansasô 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 plantôs 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 Universityôs campus need, and also provide heat to the 

buildings during the winter time. The power plantôs system is programmed to have the plant 

maintain a constant 170 psi of steam pressure in the system. The Universityôs 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 ñcondensate returnò 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 plantôs demand is very low in order to avoid ñdeadheadingò 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.  

  



26 
 

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.  

 

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 ñzeroò 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 

pumpsô 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 ñflagò assembly that has two sides with 



31 
 

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. 

14.  

 

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 pumpsô 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 pumpsô 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). 

 

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 

controllerôs 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). 

 

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 pumpsô 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 pumpsô 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 plantôs demand for the same day and not 

consecutive days. This was due to the fact that, if the power plantôs 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 pumpsô 

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 15th 

through the 18th 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 pumpsô controllersô 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 pumpsô 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 30th and May 1st).  

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 caseôs 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 1st 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 Kansasô 
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Power Plant US$0.00287 per gallon of water consumed as shown in the cityôs 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 ñEò 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 ñWò 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 ñIò 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 pumpôs installation date for the sake of this project. The seals 

and motor and impellers were considered to be ñone-time amountsò 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 ñReplò 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 ñannually recurring costò 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 ñOM&Rò 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 30th. 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 = I + Repl ï 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 plantôs 

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] 
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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 monthsô 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 Eq. (3) in order to determine the total error of the readings acquired by the sensors 

and data stored in the data loggers [35]: 

         ό Ὡ                                                                                                               

(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] 

 

By using Eq. (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] 

 

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 

transmitterôs 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 
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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 Dif ferential 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 sensorôs 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 transducersô 

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 transmitterôs 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 

pumpsô controller), and since both the pumps and the transmitter had an accuracy based on the 

signalôs full scale, the error for such reading was still Ñ0.640% or Ñ0.24 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 dataôs 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).   

 

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). 

 

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 ñonò and ñoffò, i.e., ñonò meaning in use when 

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

ñoffò 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 

3.1 Case 1 

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 pumpsô 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.  

 

Figure 24: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for  February 11- 23, 2012 

 

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 plantôs jobs is to provide steam 

for the heating system of the campus, lower outside temperatures can cause the power plantôs 

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.  

 

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.  

 

Figure 26: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for February 11- 23, 2012 
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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-824ôs 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 ñPò 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 curvesô information. 

╗
Ȣ
                                   (4) 

(Terms are defined in the Nomenclature, SG for this project is equal to 0.979 due to the waterôs average temperature of 

160oF [40]) 

When using the Grundfosô 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 ñpressureò 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).) 

ἒἜ
  

Ȣ
                                                                                           (5) 

(Terms are defined in the Nomenclature) 

Normally, the pressure used in Eq. (5) is the differential pressure between the pumpôs discharge 

pressure and the pumpôs 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 ñsoftwareò, 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 systemôs 

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 Eq. (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 pumpsô 

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 

 

Figure 27: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for March 1-14, 2012 

 

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 plantôs 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 plantôs 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 plantôs 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.  

 

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 
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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 pumpsô 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.  

 

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-824ôs 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 

 

Figure 30: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 10-23, 2012 

 

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 

3

4

5

6

7

8

9

10

04/10/12 04/12/12 04/14/12 04/16/12 04/18/12 04/20/12 04/22/12

Ẋ
 
ό
ƪ
²
ύ

T (days)

CRE 15-3

Worthington D-824

30

40

50

60

70

80

90

4/10/2012 4/12/2012 4/14/2012 4/16/2012 4/18/2012 4/20/2012 4/22/2012

T
e

m
p
e

ra
ru

te
 (o

F
)

T (days)

Daily Min. Temp-CRE 15-3

Daily Max. Temp-CRE 15-3

Daily Min. Temp-D-824

Daily Max. Temp-D-824



64 
 

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.  

 

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 
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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.   

 

Figure 32: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for April 10-23, 2012 
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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).   

 

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 

 

Figure 34: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 24-May 8, 2012 

 

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 pumpôs 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.  

 

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 Grundfosô 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%. 

 

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 
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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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Figure 37: Grundfos CRE 15-3 vs. Worthington D-824 Differential Pressure across Control Valve for April 24 -May 8, 
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3.2 Case 2 

3.2.1 April  15, 2013 

 

Figure 38: Grundfos CRE 15-3 vs. Worthington D-824 Power Consumption for April 15, 2013. 
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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.  

 

Figure 39: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for April 15, 2013. 
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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 Eq. (5) when the heat exchanger 

valve was closed. However, all theoretical values are still comparable to the recorded values.  

 

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 ñfeedò 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 curveôs 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 curveôs 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 is 

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 

 

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 pumpsô 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.   

 

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

 

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 
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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 
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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 Eq. (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 

Eq. (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 ñrecalculated efficiencyò 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.  

 

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.  

 

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 Grundfosô WEBCAPS [41] pump curve was 2.49 kW 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)ôs 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 pumpôs 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 



82 
 

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 

 

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.   

 

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 pumpôs theoretical average consumption was 0.93% lower 

than the recorded power and the CRE 15-3 pumpsô 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 pumpôs 

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%.  

 

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

 

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 pumpôs speed that controlled the amount of water going into the deaerator 

tank. The Grundfos pumpsô 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 plantôs 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. 

 

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 
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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 pumpsô average flow rate was 56.1 GPM with a 13.1 PSI discharge pressure.  

 

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 
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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.   

 

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 Valve 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 

 

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.  

 

Figure 57: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for May 1, 2013. 

0

0.5

1

1.5

2

2.5

3

3.5

4

9:00 10:30 12:00 13:30 15:00

Ẋ
 
ό
ƪ
²
ύ

T (hh:min)

CRE 15-3 w/ Heat Exchanger Valve
Closed

Worthington D-824 w/ Heat
Exchanger Valve Closed

30

40

50

60

70

80

90

100

110

9:00 10:30 12:00 13:30 15:00

Q
 (

G
P

M
)

T (hh:min)

CRE 15-3 w/ Heat Exchanger Valve
Closed

Worthington D-824 w/ Heat
Exchanger Valve Closed



91 
 

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.  

 

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

The Grundfos CRE 15-3 pumpsô 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 plantôs 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 



93 
 

2, in order to have rough estimates for Case 4 when comparing Grundfos CRE 15-3 and 

Worthington D-824 pumpsô 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.  

 

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 pumpôs 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 pumpsô 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 pumpsô 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.) 

 

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 plantôs 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 ñexcludingò the heat 

exchanger, the Worthington D-824 pumpôs average flow rate would be approximately 114.1 

0

50

100

150

200

250

300

3:00 4:30 6:00 7:30 9:00 10:30 12:00 13:30 15:00

Q
 (

G
P

M
)

T (hh:min)

CRE 15-3

Worthington D-824



95 
 

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.  

 

Figure 61: Grundfos CRE 15-3 vs. Worthington D-824 Discharge Pressure for March 11, 2013. 

The Grundfos CRE 15-3 pumpsô 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 exchangerôs requirements, recorded values for 

this set of results have differences from the pumpsô 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 pumpôs 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.  

 

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 pumpôs 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 pumpsô 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.  

 

Figure 63: Grundfos CRE 15-3 vs. Worthington D-824 Flow Rate for March 19, 2013. 

 

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).   

 

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 pumpsô 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 
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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 

 

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 pumpsô flow rate data shown in Fig. 67, the average was 89.4 GPM, 

and the Worthington D-824 pumpôs 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.  

 

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 pumpôs 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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