Viability of Pressure Reducing Valves in Water Distribution Systems
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INTRODUCTION:
Background
According to the EPA water distribution systems (WDS) in The United States lose an average of 14% of their water through leaking, with some water losses in WDSs reaching over 60% (EPA). Water losses due to leakage can be due to a variety of reasons such as, aging infrastructure, poor management, or inadequate design or construction (Loureiro et al. 2016). Losing water due to leakage has economic consequences, because money is spent on treating and pumping any water that leaks out of a WDS. Since consumers are not charged for water that leaks out of a WDS, this money that is invested into leaking water is completely lost. 
Due to the direct relationship between pressure and leakage, pressure management is one of the most crucial tools in reducing leakage in WDS. This allows Pressure Reducing Valves (PRVs) to be effective in reducing water losses to leaking in WDSs (Garcia et al. 2019). However, using a PRV to reduce water losses due to leaks can have a relatively expensive initial cost (Flomatic). Not only that, but all of the hydraulic factors must also be considered very carefully to determine acceptable location. Even if it is determined that a PRV can reduce leakage, it is difficult to say if the losses recovered will make up for the upfront cost of the PRV. This makes the decision to implement a PRV, and where to put one very difficult for WDS managers interested in minimizing water losses due to leaks. 
Hydraulic modeling is an essential tool in assessing and solving problems related to WDSs. Hydraulic modeling software can be used to evaluate issues and make decisions relating to water quality, leaking, hydraulic inadequacy, WDS expansion, and many others (Garcia-Avila et al. 2019). EPANET is a hydraulic modeling software that is commonly used to tackle problems and make decisions in WDSs and is the hydraulic modeling software used in this study.
For this study, a MATLAB program has been developed using the EPANET MATLAB toolkit to determine the most viable location of a PRV in a WDS network to recover losses due to leaking. The MATLAB program takes into consideration the changes in energy and water cost due to adding a PRV, as well as the upfront cost of implementing a PRV in order to calculate the NPV of a PRV in a given location. By finding the NPV of every possible PRV location in several WDSs, this study aims to help WDS managers make decisions on implementing PRVs.

Description of Existing Water Distribution Systems Modeled 
Seven water distribution systems were modeled for this investigation, using the hydraulic modeling software EPANET. Of the seven models used, six of them are based upon real world municipal water distribution systems with data provided by their water managers. The remaining system is a simple, hypothetical system provided by EPANET. The seven systems tested vary in terms of size. Sizes ranged from 8 to 135 pipes, 6 to 118 junctions, and 1 to 2 reservoirs. The system models also vary in terms of type and complexity. For example, System 2 is a system made up completely of branches, while system 3 is made completely of loops, and the remainder of the systems are made up of both. The one constant in all of the systems is that all systems modeled contain at least one pump and one reservoir.
METHODOLOGY:
Including Leakage in Network Models
A leakage rate of 14 % was used in every model, which is considered to be the average water distribution system leak rate in The United States (EPA). It was assumed for the models used that leaking was a part of the base demand, since the models are based on real world water demand data. However, this is not considered an accurate way to model leaking, as the discharge of a leak is dependent upon the pressure at the location of the leak (Cobacho et al. 2014). Leaking is best represented in EPANET in the form of an emitter applied at junctions in the model (Cobacho et al. 2014). To more accurately model leaking in the water distribution systems, 14 % of the base demand was removed from each junction and that demand was then replaced in the form of an emitter. The behavior of an emitter in EPANET can be predicted using Eq. (1) (Rossman 2000). 
                      	Eq.(1)
Where q is the flowrate of the leak, p is the pressure at the location of the leak, C is the emitter coefficient, and N is the pressure exponent. Using a method provide by Cobacho et al 2014, this equation was repurposed to calculate an emitter coefficient for every junction that will result in the desired leakage rate of 14%. Eq. (2) represents the equation used to compute the emitter coefficient at every junction in the network models.
	Eq.(2)
Where qnet,real is the total leaking demand of the existing water distribution system assumed to be 14% of the total demand, pnet is the average pressure of the entire distribution system over the course of a 6 day simulation, and j is the total number of junctions in which emitters are to be applied. 
For each water distribution network modeled, a different emitter coefficient was computed using the method described. 14% of the base demand at every junction was then removed, and the computed emitter coefficient was then applied at every junction to replace the 14% demand removed. 6 day simulations were then run on each system to ensure that demand of the system was equal to that of what it was before, and the emitter coefficient was calibrated accordingly.
It is worth noting that in real water distribution systems, there are many factors that dictate where leaks are more common, and how much they may be leaking. This could include the age of the pipes in different locations, the soil type around the pipes, or the specific methods used when installing the pipes of the water distribution system. These factors are impossible to consider due to the limited knowledge of the history and conditions of the networks modeled. It is for this reason that the same sized leak at every junction in the water distribution system models was used, and assumptions were not made about where leaks may be more likely to occur.
Including Pump Efficiency Curves in Network Models
The network models provided did not include pump efficiency curves. In order to properly see the impacts on energy of pressure reducing valves, it was considered important to implement them into the network models. The efficiency curve of a pump can be calculated using Eq. 3 (Giustolisi et al. 2013). 
		Eq. 3
Where η is the efficiency of the pump at flow Q, Qmax is the maximum flow of the pump, and ηmax is the maximum efficiency of the pump which is assumed to be a value of 0.85.For each model, the maximum flow of each pump from every performance curve and used to compute a pump efficiency curve where it was then applied to the model.
Demand Patterns, Energy Price Patterns, and Water Price
Every water distribution system model had an existing demand pattern which was used. A price pattern was implemented in each model in order to account for the change in cost during peak/off peak hours. The base price of electricity was set to $0.05/kW-h. From 8:00 a.m.-8:00 p.m. the base energy price was in effect, from 12:00 a.m.- 8:00 a.m. the energy price was $0.0125/kW-h, and from 8:00 p.m.-12:00 a.m. the price of energy was $0.025/kW-h (Colombo et al. 2005). The price of water was assumed to be the national average of $0.0023/gallon (EPA 2004).
Modeling Pressure Reducing Valve Locations
In order to limit water loss due to leakage, pressure reducing valves can be used to lower unnecessarily high pressures in a water distribution system where leaks exist. In EPANET, pressure reducing valves will limit the pressure at a point in the pipe network. A PRV will be partially opened to achieve the pressure setting downstream of the valve if the pressure upstream of the valve exceeds the PRV setting. Otherwise, the valve will be fully open if the upstream pressure is below the PRV setting, or completely closed if the downstream pressure is above the upstream pressure. Pressure reducing valves are not allowed to be connected directly to another pressure reducing valve, a tank, or a reservoir in EPANET. 
In order to test the impacts of a pressure reducing valve in a water distribution system, a MATLAB program was developed in the MATLAB toolkit for EPANET. The MATLAB program starts by selecting any given pipe in the water distribution system where a PRV can be placed. This pipe is then removed from the system and replaced with a pressure reducing valve of a matching diameter and an initial setting of 19 psi. A 6 day simulation was then run and checked to ensure that the minimum pressure in the entire WDS model over the entire simulation duration does not drop below 20 psi. The MATLAB program also ensured that the tanks in the WDS model were filling and draining properly. The pressure reducing valve setting was then raised 1 psi at a time until the pressure and tank requirements were met. If the system failed to meet the requirements with a PRV no matter how large the setting was, it was considered to be a non-viable PRV location. After the pressure and tank requirements where met, a final simulation was run with the minimum pressure reducing valve setting for that specific valve to collect data. In the final simulation the pipe name, pressure reducing valve setting, total system water demand, and daily energy cost were recorded. The MATLAB program then removed the PRV from the system, and the original pipe was then placed back exactly as it was prior. This process was then repeated for every possible pressure reducing valve location in all of the 7 WDS models used. 
Cost of installing a Pressure Reducing Valve
In order to properly compute a PRV’s NPV and payback period, several factors surrounding the installation of the PRV had to be considered . To installing a PRV requires the use of two gate valves, a strainer, and an air valve (Garcia et al. 2019). The price of these components were considered on top of the price of a PRV and the cost of designing, installing, and maintaining the PRV as a part of the system. The sizes of the PRVs, gate valves, and strainers were assumed to be the same as the pipe in which they would be installed. In order to determine the air valve size required, the procedure outlined on Flomatic Valves’ website (Flomatic b) was utilized in the MATLAB program. Prices for gate valves, strainers, air valves, and PRV’s with their associated sizes were obtained from Flomatic Valves’ website (Flomatic a). However, the prices obtained did not include every size of hydraulic components that exist in all of the water distribution systems. It is for that reason that equations were developed for the relationship between PRV, gate valve, and strainer size with their associated cost. Eq. (4), Eq. (5), Eq. (6), and Eq. (7) are the equations used to compute PRV, gate valve, strainer, and air valve cost based on size.
	Eq. (4)
	            Eq. (5)
            Eq. (6)
              Eq. (7)
Where the C values represent the total cost of the valve in question, and D represents the diameter of the valve to be used. It can then be assumed that the cost of designing, installing, and maintaining the PRV is an additional 15% of the cost of the total cost of the PRV, two gate valves, strainer, and air valve (Garcia et al. 2019). 

Calculating Pressure Reducing Valve Net Present Value and Payback Period
To determine the practicality of putting a PRV in a municipal WDS in order to save money, the NPV and payback period of a PRV for its associated location was calculated. Eq. (8) was used to calculate the NPV of the pressure reducing valves.
	Eq.(8)
Where TC represents the cost of the PRV, gate valves, strainer, and air valve as well as the associated design, installation, and maintenance cost. CSt represents the difference in yearly cost due changes in water demand and energy demand as a result of the PRV. The time in years is represented with t, L represents the lifetime of the pressure reducing valve, and r represent the rate of inflation. A 15 year NPV time for the PRV (Garcia et al. 2019), and an inflation rate of 0.02 where both assumed. In order to determine the payback period of the PRV, the time in which the NPV of the PRV is equal to 0 had to be calculated. This was accomplished by setting the NPV in Eq. (8) equal to 0 and then solving Eq.  (8) for t. Payback periods that exceeded 50 years were labeled to never pay for themselves. This was considered to be the lifespan of a WDS, and a payback period of anything longer would likely be redundant information.
RESULTS:
System 1
Of the 7 PRV locations tested in system 1, 4 of the pipes paid for themselves within 15 years of being installed, with the highest NPV being $112,346.78 if installed in pipe 5. 2 of the PRV locations had negative 15 year NPVs, and they never paid for themselves within 50 years. The final PRV location is considered not be viable, because when a PRV was placed here the tank and pressure requirements could not be met. Presented in Table 1 are the names of the pipes replaced with PRVs, associated PRV setting, associated daily water cost changes, associated daily energy cost changes, associated 15 year Net Present Value, and associated payback period for System 1. In Figure 1 is an image of System 1 with the rankings of each PRV location by 15 year NPV. In Figure 1 the first number next to the pipes represents the rank, and the number in parenthesis represents the name of the pipe. 
System 2
Of the 113 PRV locations tested in System 2, all of the PRVs had negative 15 year NPVs, and none of the PRVs were able to pay for themselves within the 50 year lifetime. While all but 2 of the PRVs where able to save some amount of the water, this was not enough to overcome all of the cost associated with implementing a PRV. Presented in Table 2 are the names of the pipes replaced with PRVs, associated PRV setting, associated daily water cost changes, associated daily energy cost changes, associated 15 year Net Present Value, and associated payback period for system 2 ordered by water saved. Figure 2 is an image of System 2 with the rankings of the top 10 PRV locations by daily water savings. In Figure 2 the first number next to the pipes represents the rank, and the number in parenthesis represents the name of the pipe.
System 3 
4 of the PRV locations tested in System 3 had positive NPVs out of the 38 locations tested, with the highest 15 year NPV being $199,795.19. These 3 PRV were all located directly in front of the only pump in the system, and the majority of their contributions came in the form of energy savings.  Of the remaining PRVs, 4 of them paid for themselves after 15 years and before 50 years, and the rest never paid for themselves in a reasonable amount of time. 26 of the PRVs were able to save on daily water cost, and 3 PRVs had produced substantial energy savings. Presented in Table 3 are the names of the pipes replaced with PRVs, associated PRV setting, associated daily water cost changes, associated daily energy cost changes, associated 15 year Net Present Value, and associated payback period for System 3. Figure 3 is an image of System 3 with the rankings of the top 10 PRV locations by 15 year NPV. In Figure 3 the first number next to the pipes represents the rank, and the name of the pipe location is after the ranking in parenthesis.
System 4
Out of the 61 PRV locations tested, only 1 PRV in System 4 was able to pay for itself within 15 years with a 15 year NPV of $2,495.79. This particular PRV accomplished this by reducing the energy cost of pumping by $3.56 dollars a day and having virtually no impact on water savings. 9 other PRVs had payback periods ranging from 22 years to 47 years. The remainder of the PRVs were unable to recover their cost in a reasonable amount of time. 8 of the 10 PRVs that would ever pay for themselves before 50 years were located at the start of dead end branches in System 4 13 of the PRVs where able to contribute to saving any water in the system. Presented in Table 4 are the names of the pipes replaced with PRVs, associated PRV setting, associated daily water cost changes, associated daily energy cost changes, associated 15 year Net Present Value, and associated payback period for System 4. Figure 4 is an image of System 4 with the rankings of the top 10 PRV locations by 15 year NPV. In Figure 4 the first number next to the pipes represents the rank, and the name of the pipe location is after the ranking in parenthesis.
System 5
None of the PRVs tested in System 5 had a positive 15 year net present value, however 5 of the PRVs had payback periods of under 50 years ranging from 22-48 years. These 5 PRV locations are all on same branch starting directly in front of the pump, and all 5 of these PRV locations are consecutively connected. The remaining 23 PRVs never paid for themselves in a reasonable amount of time. Every PRV tested in System 5 was able to save water, with water savings ranging from \$0.06 per day to \$1.00 per day. Presented in Table 5 are the names of the pipes replaced with PRVs, associated PRV setting, associated daily water cost changes, associated daily energy cost changes, associated 15 year Net Present Value, and associated payback period for System 5. Figure 5 is an image of System 5 with the rankings of the top 5 PRV locations by 15 year NPV. In Figure 5 the first number next to the pipes represents the rank, and the name of the pipe location is after the ranking in parenthesis. Figure 6 holds the same information as Figure 5, however the image in figure 6 is magnified on the group of PRV locations with the top 5 NPVs.
System 6
39 PRV locations were tested in system 6, and none of these PRVs had positive 15 year NPVs. Two of the PRVs had payback periods of 33 and 38 years, while the remainder if the pipes did not pay for themselves in a reasonable amount of time. 31 of the PRVs were able to contribute to water savings with daily water cost savings ranging from $0.02 per day to $0.54 per day. 9 of the top 10 15 year NPV PRV locations were all located on the same mainline of a branch that comes from the only tank in the system. Presented in Table 6 are the names of the pipes replaced with PRVs, associated PRV setting, associated daily water cost changes, associated daily energy cost changes, associated 15 year Net Present Value, and associated payback period for System 6. Figure 7 is an image of System 6 with the rankings of the top 10 PRV locations by 15 year NPV. In Figure 7 the first number next to the pipes represents the rank, and the name of the pipe location is after the ranking in parenthesis.
System 7
In system 7, 125 PRV locations were tested. 11 of the PRVs had positive 15 year NPVs ranging from $225.20-$9,915.96. 23 other PRVs had pay back periods ranging from 31 years to 16 years. The remainder of the PRVs did not pay for themselves in any reasonable amount of time, or the system could not meet pressure and tank requirements with the PRV. Presented in Table 7 are the names of the pipes replaced with PRVs, associated PRV setting, associated daily water cost changes, associated daily energy cost changes, associated 15 year Net Present Value, and associated payback period for System 7. Figure 8 is an image of System 7 with the rankings of the top 10 PRV locations by 15 year NPV. In Figure 8 the first number next to the pipes represents the rank, and the name of the pipe location is after the ranking in parenthesis. 
DISCUSSION:
Water Savings with PRVs
If you define a branch as a series of pipe connections in which all pipes downstream of the start of the branch lead to a dead end, then a strong relationship can be seen with placing a pressure reducing valve in the mainline of a branch and saving water. For example, the following observations were made on water savings for the systems modeled. In system 2, the PRV location that saves the most water is the in the 5th pipe (Pipe ID: ‘42’) on the mainline in the largest branch of the system. In system 4, the PRV location that saves the most water is located in the first pipe (Pipe ID: ‘Pi60’) of largest branch in the system. The PRVs that were placed in the remaining 7 branch mainline locations (Pipe IDs: ‘Pi10’, ‘Pi57’, ‘Pi7’, ‘Pi9’, ‘Pi18’, ‘Pi61’, and ‘Pi56’) of system 4 correspond the next 7 highest ranking PRV locations in terms of water savings. In system 5 the PRV location that saves the most water (Pipe ID: ‘3’) is located in the first pipe of the mainline of the largest branch in the system. The next 4 highest ranking PRV locations in terms of water savings were all directly downstream of this pipe on the mainline. In system 6 the PRV location that saves the most water (Pipe ID: ‘22’) is the 5th pipe in the mainline of the largest branch in the system. The other pipes that saved the most water in system 5 are located either directly before or after this pipe in the mainline of the largest branch. In system 7 the PRV location that saved the most water (Pipe ID: ‘P-530’) is in the first pipe of one of the smaller branches in the system. While the pipes that saved the 2nd, 3rd, and 4th most water (Pipe IDs: ‘P-1100’,’P-220’, and ‘P-210’) are the first 3 pipes in the mainline of the largest branch in system 7. Similar observation could not be made in Systems 1 and 3, because they had no dead ends in their pipe networks. Due to these observations, it can be concluded that by placing a properly set PRV in the mainline of a branch in a leaking WDS, you can potentially lower the rate of leakage in the WDS. 
Energy Savings with PRVs
In System 2, System 5, and System 6, placing PRVs in them had little to no impact on energy cost, with changes in daily energy cost ranging from $-0.64 per day to $0.07 per day. This is likely due to the low daily energy cost of these existing systems, and this makes for little room for change in terms of energy cost. However, placing PRVs in System 1, System 3, System 4, and System 7, where daily energy cost was much higher, proved to have substantial impacts on daily energy depending on the location. In the case of System 1, System 3, and System 4, this meant substantial energy savings, with maximum changes in energy cost being $2.64 per day, $44.38 dollars per day, and $3.56 per day, respectively. In the case of system 7, this meant substantial added daily energy cost, with the highest daily cost change being $-103.56 per day. Something all of these extreme cases share is that their respective PRV locations are all within very close proximity to the pumps in their respective systems. While added energy cost is expected from placing a PRV in close proximity to a pump is expected due to adding head loss, the observation of substantial energy savings from placing a PRV in close proximity to a pump is very counterintuitive [CITE SOMETHING]. One explanation for water savings explored was that by having to pump less water due to reduced leakage, the pump would potentially not have to work as hard. However, in many cases where energy savings were observed, very little water savings, and even increases of leakage, where observed along with it. The only remaining speculation is that PRVs in loops in close proximity to a pump control impact the flowrate of the pump in such a way that is more efficient. In other words, if the pump in the system was operating at a relatively high and inefficient flowrate before a PRV was placed, placing a PRV in front of the pump in could cause the pump to operate at a lower flowrate that is higher on the pump’s efficiency curve. This could explain the energy savings observed from various PRV locations in System 1, System 3, and System 4. Conversely, if a pump were operating at a flowrate that corresponds to peak efficiency, placing a PRV could cause the pump to operate at a less efficient flowrate on its pump efficiency curve. This could potentially explain the increase in energy cost from various PRV locations in system 7. This idea is purely speculation and requires further investigation. 
Saving Money with PRVs
Out of all of the 7 systems tested, a total of 20 PRVs were found to pay for themselves within 15 years of being installed, with 11 of these PRVs being in System 7, 4 of these PRVs being in system 1, 4 of these PRVs being in system 3, and one of these PRVs being in system 4. System 2, System 5, and System 6 never had a PRV pay for itself within 15 years. This is likely due to the fact that Systems 1, 3, 4, and 7 leak much more value in water each day than Systems 2, 5, and 6. Systems 1, 3, 4, and 7 leak $351.316, $3507.71, $153.98, and $205.294 in water value per day, respectively, while Systems 2, 5, and 6 leak only $1.469, $15.67, and $6.25 in water value per day. This pattern extends into daily energy cost as well. Systems that had higher daily energy cost had more potential to save higher dollar amounts on daily energy cost with a PRV. Due to this observation, it can be concluded that the potential for saving money in a WDS using a PRV is much more viable in a system with much higher demand and more leaking potential. It is also worth noting that this makes saving money with PRVs much more viable in places where the value of water is much higher. 
Conclusions
Testing all possible PRV installation locations in 7 water distribution system models resulted in the following conclusions:
1. By placing a properly set PRV in the mainline of a branch in a leaking WDS, you can potentially lower the rate of leakage in the WDS by a substantial amount.
2. By placing a PRV in close proximity to a pump, the daily energy cost of pumping can change dramatically.
3. Saving money with a PRV is becomes more practical as the rate of the value of water leaking out of the WDS goes up, as well as when the daily energy cost of the WDS goes up. 
Future Work
For the test done on placing PRVs in the 7 systems modeled, it was assumed that the lowest possible PRV pressure setting that could maintain system pressure and tank levels was the optimum pressure setting for saving money with a PRV. While this may be true in most cases, it is likely not true for all cases. Finding the optimum PRV settings to save money could be further investigated and could show that PRVs have even more potential to save money in WDSs. Additionally, in the simulations run, one PRV was tested at a time in the WDSs. Placing more than one PRV in WDS models at one time in optimal places could be investigated to see if this increases the money saving potential of PRVs. It was noted in that PRVs seem to be more effective in systems that leak more. Further investigation could be done on this by testing PRVs in even large systems than the 7 WDSs used in this study. It is also worth noting that results showing energy cost savings after the addition of a PRV is very counter intuitive. Further research on the relationship between PRVs in WDSs and pump efficiency should be done in order to verify these results.
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