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ABSTRACT 

Purpose of this study was to evaluate whether water system sizing guidelines would be 

useful for small to very small (population less than 3,300) municipal water systems in 

Wisconsin to assist these systems with implementation of Wisconsin’s capacity 

development strategy.  The Wisconsin Department of Natural Resources’ capacity 

development strategy, which was developed in response to the 1996 Safe Drinking Water 

Act requirements for Capacity Development, in part requires utilities to be “adequately 

sized”.  Unfortunately, the strategy but does not define what adequately sized means.  

Adequate capacity has an assumed meaning that demand is less than capacity, or that 

surplus capacity exists after meeting various demand scenarios.  This study developed a 

water system analysis guideline based on published engineering principles and 

recommendations in literature to analyze the spare capacity of 518 groundwater based 

municipal water systems in Wisconsin using year 2003 data.  Water system operational and 

facility data used in this study was obtained from the Wisconsin Department of Natural 

Resources and Wisconsin Public Service Commission.   

To perform spare capacity analysis, equations were developed based on engineering 

recommendations to characterize three operational scenarios which could be experienced 

by water systems: maximum day demand with largest well out of service; maximum day 

demand plus fire demand with largest well out of service utilizing entire effective storage 

volume over fire demand period; and maximum hour demand during maximum day 

demand over maximum hour demand period.  Application of these equations in this study 

was limited to maximum day demands due to lack of available data on maximum hour 

demands.  Analyses were performed using different combinations of recommended 

practice and analysis time periods to determine sensitivity of results to recommended 

practices and understanding of period of interest. 

Results of this study indicate that a water system sizing guideline would be helpful to small 

and very small municipal water systems in Wisconsin.  Development of a formal guideline 

could help these systems assess their ability to satisfy current demands, plan for facility 
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improvements to meet projected demands, assess feasibility of policy decisions such as 

water conservation requirements and/or fire protection, as well as help determine an 

optimal period to perform facility maintenance without adversely impacting system 

capacity.  Based on analyses performed, 19.3%  ± 1.5 of the Wisconsin’s municipal water 

systems had deficit capacity in 2003 for design condition of maximum day demand with 

largest well out of service, while 43.1% ± 6.4 had a deficit capacity for design condition of 

maximum day demand plus fire demand with largest well out of service over the fire 

duration period.  For a check condition of average day demand plus fire demand with 

largest well out of service, 34% of the systems had deficit capacity.  Of these deficit 

systems, 96% ± 2 were considered small or very small water systems.  For systems with 

deficit capacity by analyses performed, the cause for the maximum day demand was related 

to maintenance activities 70% of the time, which included water main breaks, leaks, 

equipment failures, system flushing or scheduled facility maintenance.   

A water system which had a calculated deficit capacity for 2003 does not mean that the 

system did not serve its users, just that it may not have had enough water to satisfy 

demands had a major facility failure occurred within the system, or had a combination of 

facility failure with large fire demand occurred.  Further study is needed to assess risk 

levels associated with engineering recommendations before a formal water system sizing 

guideline can be established.  A risk assessment based guideline could help a community 

decide how to satisfy capacity needs, using a cost/benefit analysis approach, factoring in 

community policy on economic development, capital funding, water conservation and 

resource allocation.      
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NOMENCLATURE 

Analysis Basis:  Time period over which spare capacity analysis occurs 

Anticipated Demands:  Usage of a water system including consumption, reserve capacity 

and recommended fire protection quantity 

Community Water System:  A water system which serves the same population on a year-

round basis 

Effective Storage:  Amount of storage which represents the minimum normal level within 

storage 

Firm Capacity: Capacity of a water system based on firm well or source capacity plus 

effective storage capacity 

Firm Well Capacity: Well capacity of water system with largest well(s) out of service 

Firm Source Capacity: Source capacity of water system with largest source, treatment 

process, or source pipeline connection out of service 

Largest Available Well:  Capacity of the largest operating well after considering largest 

well(s) out of service in firm well capacity analysis. 

Large System: Size of water system serving a population of 10,001 to 100,000 (USEPA, 

2005) 

Maximum Day Demand: Largest 24-hour demand for previous three year period 

Maximum Hour Demand: Largest 1-hour demand for previous three year period 

Medium System: Size of water system serving a population of 3,301 to 10,000 (USEPA, 

2005) 



 ix 

Municipal Water Systems:  A community water system serving a city, village or sanitary 

district owned by a municipality 

NFF: Needed fire flow.  The fifth highest calculated fire flow rate as determined by 

Insurance Services Office (ISO). 

Other Than Municipal (OTM):  A privately owned community water system such as a 

mobile home park or condominium complex 

pdf formt:  Portable display format, the digital data format used by Adobe® Actobat®  

Public Water System:  Water system, public or private, regularly serving water to more 

than 25 persons or 15 service connections (USEPA, 2005) 

Small System: Size of water system serving a population of 501 to 3,300 (USEPA, 2005) 

Spare Capacity:  Amount of water available for use in a water system (surplus or deficit) 

after subtracting system demands (current or future) from firm capacity.  

Source:  Water pumped from a well or treatment unit, or connected to system via pipeline 

System Demand:  Sum of demands on a water system, including consumption, reserve 

storage requirement and/or required fire capacity, depending upon analysis performed 

Total Well Capacity: Well capacity of water system with all well in service 

Total Source Capacity: Source capacity of water system with all sources, treatment 

processes, or source pipeline connections in service 

Very Large System: Size of water system serving a population greater than 100,000 

(USEPA, 2005) 

Very Small System: Size of water system serving a population of 500 or less (USEPA, 

2005) 
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Introduction 

According to the United States Environmental Protection Agency (USEPA), in the year 2004 

there were 52,838 community water systems (CWSs) in the United States serving a total 

population of approximately 272 million people.  Of this total, 83.7% served a population of 

3,300 or fewer (small and very-small systems).  While these systems were in the majority 

based on sheer number, they served only 9.2% of the total CWS based population (USEPA, 

2005).  For Wisconsin, in the year 2003, there were 574 CWSs.  Of this total, 70% served a 

population of 3,300 or fewer, which constituted 11% of the CWS population (WPSC, 2005; 

WDNR, 2005).  Generally speaking, a vast majority of community water systems in the United 

States serve a population of 3,300 or fewer; however these systems serve a small percentage of 

the total population served by community water systems.  

Classification of water systems is based on the type and size of population served.  The most 

general classification is that of public water system (PWS), which is a system that consistently 

serves at least 25 people or 15 connections.  Community water systems are a subset of the 

public water system classification, and are systems which serve the same population on a year-

round basis.  The CWS classification is further divided into municipal and other than municipal 

(OTM) water systems.  Examples of CWSs include water systems serving cities and villages 

(municipal), and mobile home parks and rural private residential developments (OTM).  In 

addition to CWS examples, a PWS could also include resorts, camp grounds and casinos.  Size 

classifications for PWSs are shown in Table 1.  

TABLE 1.  Classification of public water systems 

Classification Population Served 
Very Small Less than 500 
Small 501 to 3,300 
Medium 3,301 to 10,000 
Large 10,001 to 100,000 
Very Large Larger than 100,000 
 
Each public water system, from very large to very small, must possess the necessary 

managerial, financial and technical capacity to provide safe drinking water to its customers.  
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These three capacity requirements, officially known as capacity development, were part of the 

1996 Safe Drinking Water Act (SDWA, 1996).  Requirements for capacity development were 

born from historical noncompliance with national primary drinking water regulations.  In the 

year 1993, only 79% of the population served by public water systems received drinking water 

that met all of the national primary drinking water regulations.  Compliance with these 

regulations improved to 92% in the year 2002, but dropped to 90% in the year 2004.  For the 

period from year 2002 through 2004, 81.9% of reported maximum contaminant level (MCL) 

violations were from small and very small  systems, affecting 9.7% of the population served by 

public water systems (USEPA, 2005).  These statistics illustrate the difficulties small and very 

small systems have in meeting regulations.  Based on the general makeup of the water supply 

industry (majority of systems serving a population of 3,300 or less), and historical violation of 

drinking water regulations by system size, it appears that capacity development regulations 

were created for small and very small water systems.     

The Wisconsin Department of Natural Resources (WDNR), the primacy agency for 

implementation of the SDWA in Wisconsin, formulated a strategy for capacity development as 

required by the 1996 SDWA.  Wisconsin’s three part strategy includes the following provisions 

for technical capacity (underline emphasis added):  “Technical capacity is the physical and 

operational ability of a water system to meet SDWA requirements.  Is the source of the water 

reliable?  Is the water system appropriately sized, constructed and operated?  Does the system 

comply with minimum state operator standards?” (WDNR, 2000).  Unfortunately, this strategy 

does not define what an appropriately sized water system is, which makes compliance difficult 

to assess.     

Appropriate sizing of public water systems is extremely important from many different 

perspectives. An oversized system is inefficient, wasting valuable resources on the construction 

and maintenance of unneeded facilities.  In addition, excess capacity could promote wasteful 

use of the system; no worries about running out of water.  An undersized system could result in 

loss of system pressure, which could be detrimental to public health, safety and welfare of a 

community.  Unfortunately, regulations specific to water system sizing are nonexistent, leaving 
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the sizing of water systems to engineering practice.  To further complicate matters, engineering 

recommendations regarding water system sizing vary considerably.      

The purpose of this study was to evaluate whether water system sizing guidelines would be 

helpful for small to very small municipal water systems in Wisconsin, to assist these systems 

with implementation of Wisconsin’s technical capacity strategy.  To investigate this purpose, 

an objective analytical guideline was developed based on recommended engineering practices.  

This guideline was then used to analyze the spare capacity of 518 very small to very large 

water systems in Wisconsin based on year 2003 data.  

The impetus for this study was born out of many years of applied engineering experiences, 

which revealed the difficulties faced by small and very small water systems in meeting 

regulations.  SDWA capacity development requirements are no different for these systems, 

which could be a result of  lack of cohesive presentation of water system sizing and analysis in 

literature.   



 4 
Background 

Regulatory Codes 

The state of Wisconsin and United States Environmental Protection Agency do not directly 

regulate the sizing of community water systems, delegating the specifics of sizing and analysis 

to engineering practice (USEPA, 1985; WAC, 2003).  Generalized sizing regulations were 

created for Wisconsin’s water systems, which are detailed in various sections of the Wisconsin 

Administrative Code (summarized in Table 2).  A cursory review of regulations in other 

Midwestern states, including Minnesota, Iowa, Illinois, Indiana, Michigan and Ohio show a 

similar trend of reliance upon engineering practice.         

TABLE 2.  Wisconsin Administrative Code requirements for water system sizing 

Wisconsin 
Administrative 
Code Section 

Requirement 

NR 811.04  
General 
Requirements 

The supplier of water shall be responsible for insuring that the public 
water system is operated to provide an adequate quantity of safe 
drinking water to consumers. 

NR 811.31 
Auxiliary power 

Provide a power supply from at least 2 independent electrical 
substations or from a standby, auxiliary power source dedicated 
to water supply use unless the department determines that 
there is sufficient pumping capacity with existing auxiliary power. 

NR 811.33 (1)  
Pumping capacity 
requirements 

More detailed engineering studies are necessary for determining 
pump capacities in systems providing water for multiple uses, 
including domestic, commercial and industrial usage and fire 
protection. 

NR 811.56 (1) 
Volume and 
pressure 

A sufficient quantity of water, as determined from engineering 
studies, shall be maintained in elevated storage when only one 
pumping unit to the distribution system is available to serve the water 
system. This shall be at least an average–day supply under normal 
operating conditions. When more than one distribution pump is 
available, the storage shall be in accordance with standard 
engineering practice. Standard engineering practice is based upon an 
engineering review of existing and future water supply needs 
including, but not limited to: type of service and population served; 
average day, maximum day, peak hour and fire flow demands; water 
source quality, availability and treatment, pump capacities, auxiliary 
power, storage capacity, water distribution and costs. 

NR 108.05 Design 
requirements 

Final plans and specifications shall incorporate accepted engineering 
practices. 



 5 
 
Wisconsin’s drinking water regulations indicate a CWS should be sized to reliably supply the 

demands of the water system using available sources of supply.  Supply sources constitute 

water available for use, including water pumped from a well and drawn from storage.  

Demands can include daily usage for residential, commercial and industrial purposes, as well 

as intermittent usages such as fire protection, swimming pool filling, water system flushing, 

water storage maintenance, and watermain breaks/leakage.  Design flows should be based on 

the maximum hour demand or the maximum day demand plus fire flow requirement, 

whichever is greater. 

Water System Reliability 

A reliable CWS will use a risk assessment approach to quantify anticipated demands and size 

sources of supply with reserve capacities and/or redundancies to account for unanticipated 

demands and system failures.  Unfortunately, a universally acceptable definition of water 

system reliability does not exist.  Reliability can be as simple as providing redundant system 

components, or can be determined by complex modeling with system specific parameters.  

Reliability models can include probability functions such as “time to failure” analysis of 

components, and severity indices for failure types (Goulter et al, 2000).  Advanced reliability 

modeling methods, which require specific water system information, appear to be best suited 

for medium to large water systems where multiple components, each with the potential to fail, 

contribute to the overall reliability of the system.  

For small systems, redundant supply appears to be the most appropriate reliability method 

based on the limited number of vulnerable components present in these systems.  For example, 

small and very small CWSs in Wisconsin contained an average of 2.1 wells in year 2003, with 

23% of these systems only having one well.  For these systems, on average, if one well failed 

the system would be left with one operational well.  The redundant supply approach simply 

indicates that the remaining well(s) must satisfy the peak demand without the need for 

advanced modeling.       

There is general consensus in literature and engineering reference manuals with the redundant 

supply approach to system reliability.  A number of sources indicate that a CWS should be 
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sized to satisfy the maximum day demand plus fire demand with the largest pumping unit out 

of service (Al-Layla et al, 1977; AWWA, 1998; AWWA, 2002; Wetzel, 1990; Ysusi, 2000).  

AWWA (1998) extends this definition to include maximum hour demands (no fire demand) 

with the largest pumping unit out of service.  For planning and analysis purposes, the 

maximum day or maximum hour demand is generally deemed to be the largest recorded 

demand for the preceding three year period (AWWA, 1998; Lindburg, 1992).  These sources 

do not describe the analysis period or demonstrate how to analyze water system capacity. 

Fire Protection Capacity 

There is considerable variation among engineering recommendations, regulations and 

approaches for determining fire protection requirements of a CWS.   American Insurance 

Association (AIA) developed a population based approach (Equation 1 and Equation 2) to 

estimate the minimum recommended fire protection rate for a community.  According to the 

AIA approach, fire protection duration should not exceed 10 hours (Lindburg, 1992).  Fredrick 

County, Maryland established a fire protection rate based on AIA’s approach (FC, 1994), but 

recommends longer durations for each fire protection rate.  This approach results in a much 

larger quantity requirement, depending upon the population being served.  Subsequently, the 

state of Maryland has referenced Fredrick County’s guidance in a draft guidance document 

titled Performance of Water Supply Capacity Management (MDOE, 2005).  A comparison of 

AIA recommendations and Fredrick County’s recommended fire protection capacity (fire 

protection rate times duration) is illustrated in Figure 1.  This comparison shows that for 

smaller populations, Fredrick County’s approach would require a significantly larger quantity 

of water for fire protection.  For example, a community of about 3,000 people would have a 

recommended fire protection capacity of about 100,000 gallons according to AIA, or 735,000 

gallons according to Frederick County. 
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 )01.01(1020 PPQ −=  (1) 

 1000/QT =  (2) 

 Q = fire protection rate (gpm) 
 P = population (1,000’s) 
  T = duration (hours), rounded to nearest hour 

Insurance Services Office (ISO), an independent insurance industry advisory agency, calculates 

recommended fire protection rates for communities based on physical survey of actual 

buildings within communities.  Physical surveys document items such as building construction 

materials, square footage, occupancy type and distance to fire suppression apparatus.  Physical 

surveys will be performed throughout a community based on an assessment of at-risk 

structures, with the information gathered being maintained and updated by ISO on an as 

needed basis.  Based on these physical surveys, ISO will calculate a recommended fire 

protection rate for each building they visited, which they term as needed fire flow (NFF).  ISO 

then uses the fifth highest NFF as the recommended fire protection rate for a community.  This 

fire protection rate makes up about 40% of a community’s ISO’s Public Protection 

Classification (PPC), which includes other factors such as personnel training, hydrant 

maintenance, equipment, and historic response time.  The PPC is used by insurance companies 

in setting property insurance rates for communities (Gage, 2004). 
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FIGURE 1.  Comparison of recommended fire protection capacity calculations 
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The three fire protection approaches discussed here result in a considerable difference in the 

recommended amount of fire protection capacity needed by a community, as well as variation 

in recommended fire protection rate.  The natural question then is which recommendation 

should be used?  All three approaches are minimum recommendations, giving guidance to 

local governments for use in setting fire protection capacity.  However, ISO’s approach uses 

physical data to support their recommendations.  In addition, ISO’s calculations and approach 

are tied to property insurance rates, meaning insufficient capacity could result in higher 

property insurance rates, not to mention increased risk of loss.  Use of a fire protection rate 

greater than ISO’s recommendation would reduce risk but not necessarily insurance rates, and 

could result in more costly facilities to construct and maintain.   
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The risk of a large fire is relatively small, with 95% of all fires in a year extinguished by the 

use of a single fire hose.  In addition, large communities may experience three large fires in a 

year whereas small communities might only experience one every few years (AWWA, 1998).  

According to the Wisconsin Department of Commerce (WDOC, 2005), 53% of Wisconsin fire 

departments reported having a fire incident in 2003 in their community, for a total of 11,100 

fire incidents.  Of this total, 33% were structure fires.  Residential fires accounted for 37% of 

the incidents, while commercial related activities accounted for 15% of the incidents.  

Approximately 9% (943 incidents) required mutual aid, indicating a large fire incident had 

occurred.   

Wisconsin, like most states, does not require that fire protection be provided through water 

system capacity.  However, it appears to be common practice in Wisconsin based on the fact 

that approximately 98% of municipal water systems contained hydrants listed for the purpose 

of fire protection in annual reports filed by these communities with the WPSC. 

Reserve Storage Capacity 

A number of literature sources recommend adding reserve storage capacity for use during 

emergency events, however these recommendations vary considerably.  One recommendation 

uses a blanket approach, indicating reserve storage capacity should be equal to the average day 

demand (Mandl, 2003).  This is consistent with WDNR regulations under NR811 (Table 2) 

and recommendations in Ten State Standards if a groundwater based system has only one well.   

Reserve storage capacity could also be considered as the amount of water needed to satisfy 

demands during failures, power outages and/or natural disasters (Ysusi, 2000; Chin, 1999).  

This reserve recommendation could be satisfied in other ways, such as redundant supply.  In 

addition, power outages could be addressed through the use of alternate power sources, as 

required by Wisconsin Administrative Code NR811.31, using auxiliary power at pumping 

stations (Table 2). 

Walski (2000) recommends providing emergency storage based on the vulnerability of a 

system to supply shortages.  This recommendation is geared towards surface water or 

impoundment sources which rely heavily upon seasonal precipitation (rain or snow) for 
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replenishing source supply.  An example here is Denver, Colorado which relies heavily upon 

mountain snow melt to fill source reservoirs.   

A practical approach was developed by Detroit, Michigan, based on the major 2003 power 

outage they experienced.  For Detroit, reserve storage capacity requirement is now set at 50 to 

60% of the average day demand (Murat et al, 2005).   

Recommendations for reserve storage capacity are another way of looking at system reliability, 

and can be satisfied through means such as reserve storage capacity, redundant supply, 

auxiliary power or a combination of these means.  A community needs to evaluate which 

reserve capacity method is most beneficial to their community when deciding how to allocate 

capacity for unknown situations such as failures, power outages, loss of source, and natural 

disasters.      

Rules of Thumb 

A number of “rules of thumb” design guidelines are cited in literature to indicate adequacy of 

system capacity.  On a maximum day basis, the average pump run time using all wells should 

be less than 22 hours according to Al-Layla (1977), 20 hours according to Ten State Standards 

(GL-UMRB, 2003), or 18 hours according to unofficial recommendations of the WDNR .  On 

an average day basis, the average pump run time using all wells should be less than 12 hours 

according to Ten State Standards (GL-UMRB, 2003) and unofficial recommendations of the 

WDNR.  If a community has only one source of supply, the storage amount should be at least 

the average day demand (GL-UMRB, 2003; WAC, 2003).  These rules of thumb do not 

consider specific operation parameters, and may not be appropriate for determining adequacy 

of water system capacity. 

Water System Capacity 

Firm source capacity is a term used to describe the source capacity of a CWS when the largest 

pumping unit, treatment process or source pipeline connection is out of service.  The term firm 

well capacity has the same meaning, but is specific to a groundwater based system.  Storage 

facilities, while sized for a certain capacity, are rarely completely filled.  Effective storage 

capacity is the minimum amount of storage normally available for usage (AWWA, 1998), 
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reflecting the capacity left in storage at the low end of the operational range.  The portion of 

storage which fluctuates under normal usage is defined as operational storage, and may not be 

present if needed, thus it is excluded from effective capacity.  The term dead storage describes 

the minimum amount of water that should be kept in storage to prevent emptying under 

demand conditions.  Unavailable storage represents the volume above the operating storage 

that needs to be excluded to allow for proper control and alarming functions.  Calculation of  

effective storage capacity is illustrated in Figure 2.  Firm capacity then is the combination of 

firm well or firm source capacity plus effective storage as shown in Figure 3. 

FIGURE 2.  Effective storage capacity 
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FIGURE 3.  Firm Capacity 
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period during warm weather periods, loss of disinfectant residual could result which may lead 

to bacterial growth or biofilms.  An equally important concern for Wisconsin is freezing or 

damage of storage facilities by ice sheets, which could occur with excessive storage detention 

times.      
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Spare Capacity 

Putting all these engineering recommendations together, determining demands, source capacity 

and ensuring reliability, spare capacity of a community water system is the lesser of 

Equation 3 through Equation 5, which represent firm capacity minus system demand for 

various time periods.  Breaking these equations down, firm capacity is the sum of firm well or 

firm source capacity plus effective storage divided by analysis basis.  Analysis basis is 1,440 

minutes (24 hours) for Equation 3, fire demand duration (system specific) for Equation 4 and 

60 minutes for Equation 5.  These calculations represent the amount of water which would be 

considered available for use in a water system if the largest well or source were out of service 

due to failure or scheduled maintenance.   System demand calculation also depends upon 

which equation is used.  For Equation 3, the averaged maximum day based analysis, system 

demand is the sum of reserve requirement plus fire protection quantity (F * T * 60) plus 

maximum day demand (highest 3 year value) divided by analysis basis.  This equation can be 

used for a basic spare capacity for maximum day demand only by setting fire demand and 

reserve capacity to zero.  For Equation 4, the fire duration during maximum day demand 

analysis, system demand is the sum of fire demand plus sum of reserve requirement plus 

maximum day demand (highest 3 year value) divided by analysis basis.  For Equation 5, the 

maximum hour demand based analysis, system demand is the sum of reserve requirement plus 

maximum hour demand (highest 3 year MH value * 60) divided by analysis basis.  For all 

equations, using firm well capacity and reserve may be overly conservative, so one could use 

firm well capacity with no reserve, or reserve with total well capacity substituted for firm well 

capacity.  Spare capacity then is the result obtained by subtracting system demand from firm 

capacity.   
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 SC = spare capacity (gpm) 
 FWC = firm well (or source) capacity (gpm) 
 ES = effective storage (gallons) 
 R = reserve (gallons) 
 F = fire demand rate (gpm) 
 T = fire demand duration (hours) 
 MD = maximum day demand (gallons) 
  MH = maximum hour demand (gpm) 

Figure 4 and Figure 5 are graphical illustrations of spare capacity for a theoretical water 

system.  Demands are shown on the left while firm capacity is shown on the right.  Figure 4, 

for surplus capacity, shows maximum day demand being supplied by firm well capacity, and 

storage capacity utilized to satisfy fire demand during a maximum day event.  Figure 5 shows 

deficit firm capacity.  This illustration shows that effective storage is needed to satisfy the 

maximum day demand and that if reserve storage were needed there would be a deficit in firm 

capacity.  However, Figure 5 indicates that the system has surplus capacity if reserve capacity 

is not necessary.  These figures hold for each analysis basis (maximum day demand, fire 

duration, or maximum hour demand) to quantify spare capacity.   

In addition to assessing current capacity, spare capacity equations can be modified for planning 

purposes, to determine when capacity improvements are needed to satisfy growth predictions 

for maximum day and/or maximum hour demands based on current growth patterns in a 

community.  By inputting predicted maximum day demand, maximum hour demand and 

current capacities (well and storage) into these equations for the design year, say 20 years from 

now, if calculated spare capacity is negative, the absolute value of calculated spare capacity is 

the minimum amount of additional capacity needed.  Further analysis would determine what 
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type of capacity to add, whether it should be source capacity, storage capacity, demand 

reductions or some of each. 

FIGURE 4.  Graphic illustration of excess system capacity 
 

 
 
FIGURE 5.  Graphic illustration of deficit system capacity  
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Methods 

Data Sources 

Facility and operational data for spare capacity analysis of Wisconsin’s municipal water 

systems was obtained from the Wisconsin Public Service Commission (WPSC).  The WPSC 

data set was a digital compilation (Microsoft Excel format) of annual reports filed by each 

municipal water system in Wisconsin for the year 2003.  Additional maximum day demand 

data were obtained from WPSC for the years 2001 and 2002.  Population data and high 

capacity well data were obtained from the Wisconsin Department of Natural Resources 

(WDNR).  The WDNR data set was a digital compilation (Microsoft Excel format) of public 

water system (PWS) data managed by the agency.  Data was not available regarding the ability 

of a community to use alternate sources for fire protection capacity. 

Data Analysis 

Data analysis was performed using Microsoft Excel to determine the spare capacity of each 

municipal CWS based on Equation 3 and Equation 4.  Since the WPSC and WDNR data sets 

did not include maximum hour demand data, Equation 5 could not used to analyze capacity.  

Readily available maximum hour demand data is limited to those CWSs which have 

implemented calculation of this parameter as part of a Supervisory Control and Data 

Acquisition system (SCADA).  Maximum hour demand data can be manually calculated 

provided proper information exists, including recorded historic storage levels, pump run 

time(s) and pumping rate charts.  However, since this data is not readily available, and must be 

requested from each community, analysis for capacity based on maximum hour demand is 

beyond the scope of this project.   

In 2003, a total of 574 CWSs were in existence in Wisconsin.  In order to analyze spare 

capacity of these systems, the following pieces of data were required: well pumping capacity, 

storage capacity, average day demand, maximum day demand (3 year period), cause of 

maximum day demand, sales by use (residential, commercial, industrial, public authority, 

resale, and irrigation), demand by month and population served.  Certain CWSs had to be 

excluded from analysis due to lack of data.  In general, surface water based systems were 

excluded for lack of reported pumping capacities and daily usage, and systems purchasing 



 17 
wholesale water were excluded for lack of maximum day demand data.  Other systems were 

excluded for lack of sales data, lack of monthly demand data or because they contained a split 

source (groundwater and purchased water).  By default, water systems without fire hydrants 

were excluded by one of the methods indicated above.  After exclusion of CWSs with 

incomplete data sets, the number of systems eligible for analysis was reduced to 518 

(approximately 90% of data set).  Of the Wisconsin systems analyzed, 376 systems (73%) were 

considered small or very small water systems, serving a population of 3,300 or less.  

Data Verification 

To verify accuracy of the data, statistical measures and operational calculations were 

performed on the data set.  Maximum day demand data was analyzed for errors by calculating 

the ratio of maximum day demand to average day demand.  The average for the data set was a 

ratio of 3.4, while the median value was 2.6.   If this ratio was less than 1.0 or greater than 5.0, 

the data point was flagged for further investigation.  A ratio of 1.0 or less would indicate the 

peak value did not exceed the average, meaning no variability in the data, which would likely 

indicate an error.  A ratio of 5.0 was picked to indicate roughly twice the median value.  

Further investigation included looking at the cause of the maximum day demand (reported in 

data), looking at the actual report filed by the community with the WPSC, and calculating the 

variability of the maximum day demand over the three year analysis period.  In many 

instances, it appeared that data was over reported (ratio greater than 5) by a factor of 10 or 

1000 when compared to similar data reported for the same system in other years.  This error 

can be explained by a utility worker transferring unadjusted meter readings and totals from 

operator tally sheet to WPSC reports.  Some master water meters at pump houses read in tenths 

of gallons, so the daily reading recorded by an operator may need to be divided by ten to get 

gallons for reporting to the WPSC.  Total pumping that is reported to the WSPC needs to be in 

thousands of gallons, so records showing total gallons pumped in gallons need to be divided by 

one thousand for reporting purposes.  A total of 33 maximum day demand data were corrected 

in the database.  In a few instances, a ratio of greater than 5 was not explained by an apparent 

data error and was assumed to be correct.  Two instances occurred where the ratio of maximum 

day to average day was less than one.  These data could not be explained and were not 

corrected. 



 18 
Well capacity data was analyzed for errors by calculating the number of hours pumped on an 

average day basis (maximum day demand divided by total well capacity).  If this calculation 

was greater than 12 hours (greater than a rule of thumb), or less than 1 hour (arbitrary low 

value), the data point was flagged for further investigation.  As an additional measure to further 

verify the well capacity data, a list of all high capacity wells constructed in Wisconsin was 

obtained from the WDNR.  This list was compared line by line to the WPSC data.  This 

manual data comparison was used to verify the quantity of wells serving each municipal water 

system and to investigate differences in reported capacity.  Manual comparison clarified many 

discrepancies in the WPSC data, to properly allocate a listed capacity as a source versus a 

booster station, but did not resolve all differences in reported well capacities.  To resolve these 

differences, the most reasonable well capacity based on analysis of the WPSC report and 

WDNR data was used.  Many wells in the WPSC data base were listed as standby, and did not 

have an associated capacity, so the test pumping data or pumping capacity data listed on the 

DNR was used.  For minor discrepancies, the WPSC data was used.     

Storage capacity was analyzed for errors by calculating the ratio of effective storage capacity to 

average day demand.  The data set had an average ratio of 0.61 and a median value of 0.56.  If 

this number was greater than 4.0, representing an excessive amount of storage, it was flagged 

for further investigation.  One data point was investigated further, and by analyzing previous 

year WPSC reports available in pdf format on the PSC’s webpage, it was discovered that the 

storage capacity was over reported by a factor of 10 in the 2003 WPSC report.  After correction 

of this data point, the maximum ratio of effective storage to average day demand was 3.7.  The 

storage data were also manually analyzed line by line for apparent under reported storage 

values, looking for values of less than 1,000.  Experience indicates a small elevated storage 

tank or standpipe would contain approximately 40,000 gallons, while a small hydro pneumatic 

tank would contain 1,500 gallon.  Based on the above, a value of less than 1,000 was used to 

flag input errors.  A number of small storage values were investigated, with many of these 

values for very small systems containing small hydro pneumatic pressure tanks (no elevated 

storage). Three data points were adjusted by a factor of 1,000 to reflect an input error of 

thousands of gallons instead of gallons on the 2003 PSC report.  These errors were verified by 

inspection of previous year WPSC reports available in pdf format on the PSC’s webpage.   
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Effective Storage Calculation 

Effective storage was assumed to be 90% of total storage, based on engineering experience.  

This assumption reflects a 2-foot operating range within a 400,000 gallon elevated reservoir to 

achieve a minimum well run time of 30 minutes using a 500 gallon per minute well pump 

during low water usage periods.  Operationally, this approach would minimize the number of 

pump starts (easier on equipment and controls), and allows for forced turnover and withdrawal 

of water from storage capacity.  This approach does include unavailable capacity and dead 

storage volume in the effective storage calculation (see Figure 2), however the impact of this 

simplified approach is addressed in the sensitivity analysis.   

Two municipal systems in southwestern Wisconsin, one small and one medium, were polled to 

assess effective storage and unavailable capacity based on operational range setpoints.  These 

two systems are operated so that effective storage is approximately 90% and 85% of total 

storage. 

Firm Well Capacity Calculation 

Firm well capacity of a water system was calculated by subtracting the capacity of the largest 

well(s) in the system from the total well capacity.  To reflect redundant reliability of systems 

with numerous wells, firm well capacity included the potential for multiple pumps out of 

service.  For sake of analysis, for every ten wells in a system, the largest available well was 

assumed to be out of service.  With this approach, systems with 10 to 19 wells had the capacity 

of their two largest wells subtracted from total well capacity (six systems) to get firm well 

capacity, while systems with 20 to 29 wells had the capacity of their three largest wells 

subtracted from total well capacity (two systems) to get firm well capacity.  For the data set, 

the average number of wells in service was approximately 2.9, with a median of 2 and a 

maximum of 24.  The largest remaining well in the firm well capacity calculation was termed 

the largest available well.  In systems with only one well, for analysis purposes this sole well 

was termed the largest available well.   
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Sensitivity Analysis 

With variability in engineering recommendations and design approaches, multiple analyses of 

spare capacity were performed by considering combinations of design parameters, such as fire 

protection amount, reserve capacity and analysis period.  Sensitivity analysis included further 

analysis of each result to determine if statistical correction of errors in the data set influenced 

the analysis, and the effect of varying effective storage.  Sensitivity to effective storage was 

determined by analysis with effective storage ratios of 90% and 85% to get an approximation 

of 90% ± 5. 

Supply Efficiency 

To analyze the results and compare the spare capacity calculations within the data set, it was 

necessary to normalize the calculations in a meaningful manner.  A novel approach of 

normalizing the data was developed, taking the spare capacity calculation and dividing it by the 

capacity of the largest available well to get a ratio reflecting supply efficiency (SE).  This 

approach quantifies utilization of available capacity in terms of largest well in service, provides 

a measurement of supply sizing efficiency, and allows for comparison of all water systems 

regardless of size.  If SE calculates to be less than zero, it represents the deficit capacity as a 

ratio of the largest available well.  For example, if SE was negative 1.6, the water system 

would need to add capacity equal to approximately twice the capacity of the largest available 

well to achieve a surplus capacity.  This added capacity requirement could be met with 

additional well capacity and/or storage capacity, and/or by reduction of demand.  If SE was 

greater than zero, it represents the amount of surplus capacity (in well capacity or storage) as 

equivalent number of largest available wells.  For example, if SE was 1.7, the water system 

would have an equivalent surplus capacity of nearly twice the largest available well, and could 

indicate that excess and unnecessary capacity exists.  The choice to normalize capacity 

calculations based on largest available well helps one visualize how the capacity of a system is 

being utilized.  Figure 6 is a graphical representation of SE. 
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FIGURE 6.  Supply efficiency (SE) to balance supply and demand 
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proposed SE classifications are meant to be a starting point for analysis purposes, and should 

be modified by each community to reflect community policy decisions and specific growth 

rates within a community. 

TABLE 3.  Proposed classification of SE values 

Ratio SE Classification 
SE < 0.25 CWS has deficit capacity or needs additional capacity 

0.25 < SE < 0.50 CWS should be actively planning for additional capacity 
0.50 < SE < 1.50 CWS is efficiently sized, accounts for demand growth 

SE > 1.50 CWS has excess capacity, or capacity for considerable growth 
 



 23 
Results and Discussion 

Spare Capacity Analysis 

Spare capacity analysis is performed by subtracting demands from capacity based on the 

analysis period of interest.  This analysis is important for the day of maximum water system 

usage, however it can be used for determining the impact of a failure or planned maintenance 

activity on capacity at other times of the year.  Figure 7 is a typical maximum day demand 

curve for illustration purposes.  The maximum day demand is the average demand for the 

maximum usage day, as shown in the figure.  The peak period above the average period 

constitutes the peak hour period, which in some cases can last longer than 1 hour.  Since the 

maximum day demand rate is an average of the data, the area above the curve will be equal in 

area to that below the curve.  In this illustration, if a system is sized so that capacity equals the 

maximum day demand, meaning no spare capacity, demands above the maximum day demand 

will draw from storage whereas demands below will allow replenishment of storage.  If a fire 

event were to occur, the maximum day demand in addition to the fire demand must be met 

over the duration of the fire demand, with maximum day demand satisfied over the remainder 

of the day.  During the peak hour period on the maximum day, fire demands are usually not 

considered.  This is because if a large fire demand occurs, pressure drop in the water system 

will automatically cause a drop in demand by users based on pressure loss principles through 

orifices (user connections); a reduction in pressure before a connection will mean less flow 

across the connection to point of discharge.   

Spare capacity was determined for each CWS in the data set using Equation 3 and Equation 4 

for six analysis scenarios to determine sensitivity of the data to engineering recommendations.  

In Analysis 1, spare capacity was calculated using Equation 3 by setting reserve storage and 

fire protection rate to zero.  This analysis was a basic indicator of system reliability for 

anticipated demands, determining if systems could satisfy a maximum day demand with the 

largest well out of service.  The normalized results of this analysis are shown in Figure 8, 

which indicate that 19.3% ± 1.5 of Wisconsin CWSs were undersized in 2003 for basic system 

demands.  Interpreting these results, if the largest well would have failed during maximum 

usage in one of these undersized systems in 2003, the systems would not have had enough 

capacity to satisfy routine demands or other demands such as fire protection or reserve.  This 
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analysis also indicates that if these systems were not sized for fire protection, meaning fire 

capacity would be provided through alternate sources, the deficit systems did not contain 

sufficient redundancy to be considered reliable. 
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FIGURE 7.  Typical diurnal demand curve  
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FIGURE 8.  Normalized spare capacity of municipal water systems 
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Analysis 2 was a modification of Analysis 1, still based on Equation 3, utilizing the minimum 

recommended AIA fire protection rate and duration.  The normalized results of this analysis are 

shown in Figure 8, which indicate that 27.0% ± 2.1 of Wisconsin municipal systems were 

undersized in 2003 for maximum day demand plus fire demand.  This analysis was considered 

to be the least conservative approach to sizing since it used the smallest recommended fire 

protection rate and duration.  This analysis approach using water system capacity for fire 
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protection was representative of systems in the study since systems without fire hydrants were 

excluded from the study.  Interpreting these results for Wisconsin for 2003, if the largest well 

would have failed during maximum usage and a major fire demand in a deficit system, the 

system may not have had enough capacity to satisfy all demands.  If a situation like this were to 

occur, the resulting impact to the water system would depend upon the specifics of the system, 

the size of the fire demand, and magnitude of the deficit capacity.  A minor occurrence could 

have resulted in low pressures in the distribution system, while a major shortage could have 

caused negative system pressures (cross connection potential) and severe damage to pumping 

facilities. 

A request was made to ISO to obtain recommended fire rates for each community in the study 

for use in spare capacity analysis.  However, due to the nature of ISO’s database, this request 

could not be fulfilled.  ISO did provide data for a sampling of small to very small water 

systems with varying degree of commercial development.  As shown in Figure 9, every 

recommended fire protection rate determined by ISO was larger than the minimum fire 

protection rate recommended by the AIA formula.  Various degrees of commercial usage were 

utilized for obtaining ISO recommended fire protection rates to determine if a correlation 

existed between fire protection rate and commercial usage.  At higher commercial usage, it was 

theorized that higher commercial valuation would result within the community, which would 

require a larger fire protection rate.  In Figure 9, “low” commercial represents 10% 

commercial usage, “medium” represents 30% commercial usage and “high” represents 45% to 

90% commercial usage.  Based on the scattering of data, there does not appear to be a clear 

correlation between recommended ISO fire protection rate and amount of commercial 

development within a community. 
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FIGURE 9.  Comparison of recommended ISO fire protection rates to AIA formula 
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Analysis 3 was a modification of Analysis 2, still using Equation 3, fitting the AIA fire 

protection rate to the lowest range of available ISO data (Equation 6).  The normalized results 

of this analysis are shown in Figure 8, which indicate that 35.6% ± 2.6 of Wisconsin municipal 

systems were undersized in 2003 for maximum day demand plus fire demand using fitted ISO 

data.  This analysis approach seemed to best reflect Wisconsin’s water systems based on 

available data, using a fitted curve for reported ISO fire protection rates.  Results of this 

analysis suggest that if actual ISO data were used for spare capacity analysis, there would have 

been a much larger percentage of undersized systems.  These results were based on a curve 

fitted to minimum reported ISO values, however since many actual fire flow requirements are 

well above the fitted line using actual data may result in more deficit systems.  Interpretation of 

these results is the same as what was indicated for Analysis 2.  Incremental analysis of 

Analysis 2 and Analysis 3 with Analysis 1 indicates that 8% to 18%  of systems were 

undersized as a result of insufficient fire protection capacity. 
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Analysis 4 was a modification of Analysis 2, still using Equation 3, but using reserve capacity 

in an amount equal to the average day demand.  Normalized results of this analysis are shown 

in Figure 8, which indicate that 45.1% ± 3.4 of Wisconsin municipal systems were undersized 

in 2003 for maximum day plus fire demands with capacity in reserve for unanticipated events.  

This analysis was considered the most conservative approach to sizing, and may not be 

appropriate for small systems.  The use of reserve capacity in conjunction with the largest well 

out of service is a double redundant approach to spare capacity analysis.  This analysis 

approach, while valid, would have limited application by small systems due to added costs and 

water quality concerns. 

Analysis 2 through Analysis 4 was based on Equation 3, treating fire protection requirement 

as an averaged system demand over a 24-hour period.  This general approach in these analyses 

treats fire protection as a reserve quantity and in doing so ignores the peak fire rate that would 

occur for a large fire event over a short duration.  Analysis 5 addresses this fire duration aspect 

of the previous analyses, allowing comparison of Analyses 2 through Analysis 5 for sensitivity 

of assumptions.   

Analysis 5 was a modification of Analysis 3, using Equation 4, to determine the impact of 

analysis period on the results.  Approach for Analysis 5 was considered to be the most realistic, 

analyzing spare capacity over the fire duration period, using fire protection rate based on a 

fitted curve for reported ISO fire protection rates.  The normalized results of this analysis are 

shown in Figure 8, which indicates that 39.9% ± 6.3 of Wisconsin municipal systems were 

undersized in 2003 for maximum day demand plus fire demand using fitted ISO data over the 

fire duration period.  Performing this same analysis, but using an average day demand, 

approximately 35% of Wisconsin municipal systems were undersized.   

Further analysis was performed based on Analysis 5 to determine sensitivity of results to 

fitting a curve to available ISO data.  Further analysis indicated that approximately 75% of the 

23 Wisconsin municipal systems (all small systems) with ISO NFF data were undersized in 
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2003 for maximum day demand plus fire demand using ISO NFF data over the fire duration 

period.  This further analysis confirms the assumption that if actual ISO data were used for 

spare capacity analysis, there would have been a much larger percentage of undersized 

systems.     

Interpretation of SE (Table 3) for Analysis 5 indicates that in 2003, assuming further demand 

side reductions were not possible, approximately 69% of the systems should have been in the 

process of constructing or designing additional capacity, 14% should have been planning for 

additional capacity, 14% were efficiently sized and 3% had excess capacity.  Had the 

Wisconsin communities with an SE of 0.25 or less constructed additional capacity in 2003 

equivalent to the capacity of their largest available well, only 2 systems (less than 1%) would 

have had a deficit capacity.  This analysis indicates the ability of a system to meet the 

maximum day demand rate plus recommended fire rate over the fire duration period, but not 

necessarily for the entire maximum day demand since the analysis period is less that a full day. 

Analysis 6 reflects the combined results of Analysis 1 and Analysis 5 to report the minimum 

calculated SE by either analysis.  With Analysis 1 based on maximum day demand over a 24 

hour period, and Analysis 5 based on the recommended fire rate plus maximum day demand 

over fire duration period, Analysis 6 was able to reflect the spare capacity of systems 

experiencing a maximum day demand plus fire demand over the whole 24-hour period.  The 

normalized results of this analysis are shown in Figure 8 which indicate that 43.2% ± 6.2 of 

Wisconsin municipal systems were undersized in 2003 for maximum day demand plus fire 

demand using fitted ISO data over the fire duration period.  Incremental analysis of these 

results with Analysis 1 indicates that approximately 24% of the municipal systems (55% of 

deficit systems) were undersized due to insufficient capacity for fire protection demands. Had 

the communities with an SE of 0.25 or less constructed additional capacity in 2003 equivalent 

to the capacity of their largest available well, only 11 systems (approximately 2%) would have 

had a deficit capacity.  Interpreting the results of this analysis compared to Analysis 5, 

approximately 3% of the systems with surplus capacity for recommended fire demand plus 

maximum day demand over fire duration period had a deficit capacity for maximum day 

demand over the whole 24-hour period.  This result indicates that systems which rely upon 
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storage capacity for maximum day demands could have sufficient capacity for a maximum day 

demand plus fire demand due to the short duration, but insufficient capacity for a maximum 

day demand.   

Results of Analysis 5 and Analysis 6 vary considerably compared to Analysis 2 through 

Analysis 4, reflecting the importance of understanding the basis period when performing spare 

capacity analysis.  Using the fire duration period approach, there appears to be less variability 

in the results, resulting in a smaller average capacity deficit.  For instance, the average deficit 

capacity for Analysis 3 was 220 gpm whereas it was only 66 gpm for Analysis 5.  

Uncertainty Analysis 

Uncertainty estimates for Analysis 1 through Analysis 6 were calculated based on the number 

of deficit systems in each analysis that had corrected maximum day demand data, plus 

variation in spare capacity using effective storage capacity as 90% ± 5 of total storage capacity.  

Corrected data for well and storage capacity in the data set was not included in the uncertainty 

calculation since these corrections were verified through data examination.  For Analysis 1 

through Analysis 6, the numbers of deficit systems with data corrected were 10, 14, 15, 17, 19 

and 22 respectively. 

Deficit Capacity versus Water System Size 

To determine whether a correlation existed between population served and spare capacity, 

specifically for small and very small water systems, a series of scatter plots of SE versus 

population were generated.  Results for Analysis 1 through Analysis 6 are shown in Figure 10 

through Figure 15 respectively.  Data shown were limited to populations of 25,000 or less 

since no systems larger than this population had a deficit capacity, and an SE of 1.0 or less to 

emphasize the deficit systems.  Results for systems with deficit capacity are summarized in 

Table 4.  The results for Analysis 2 through Analysis 4 show a considerable amount of scatter 

compared to Analysis 5 and Analysis 6.  This result can be attributed to the analysis basis, 

which results in more variability in SE by averaging fire demand over a 24-hour period versus 

the fire duration period.  This result further shows the importance of properly recognizing the 

analysis period.  
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FIGURE 10.  Comparison of spare capacity by population, Analysis 1 
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FIGURE 11.  Comparison of spare capacity by population, Analysis 2 
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FIGURE 12.  Comparison of spare capacity by population, Analysis 3 
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FIGURE 13.  Comparison of spare capacity by population, Analysis 4 
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FIGURE 14.  Comparison of spare capacity by population, Analysis 5 
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FIGURE 15.  Comparison of spare capacity by population, Analysis 6 
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Based on the data presented in Table 4, regardless of analysis approach, it is clear that small 

and very small water systems constituted the majority of the Wisconsin water systems with 

deficit capacity in 2003.  In addition, approximately 60% of all small and very small systems 

were undersized according to Analysis 6.  These findings support the purpose of this study that 
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water system sizing and analysis guidelines would be useful for small to very small water 

systems in Wisconsin.   

TABLE 4.  Analysis of deficit capacity associated with population < 3,300 

 Number of 
systems with 

deficit capacity 

% of systems in 
study with 

deficit capacity 

Percentage of  
deficit systems 

serving 
population less 

than 3,300 

Percentage of   
systems serving 
population less 
than 3,300 with  
deficit capacity 

Analysis 1 99 19% 98% 26% 
Analysis 2 146 28% 93% 36% 
Analysis 3 191 37% 93% 47% 
Analysis 4 241 47% 82% 52% 
Analysis 5 216 42% 94% 54% 
Analysis 6 234 45% 94% 59% 
 
Water System Sizing Guidance 

A proposed water system analysis and sizing spreadsheet, based on Equation 3 and 

Equation 4, is shown in Figure 16.  This spreadsheet reflects the sizing approach of 

Analysis 6, based on maximum day demand for a 24-hour period and maximum day plus fire 

demand for the fire duration period.  To illustrate the usefulness of this spreadsheet, data 

analysis using actual 2004 data from a utility in Wisconsin is shown, with a graph of the 

analysis shown in Figure 17.  Interpreting this water system, it was efficiently sized for 2004 

since 0.50<SE<1.50 (a new well was constructed in 2000), they had an acceptable storage 

turnover rate for freezing concerns, and the period from October through April would have 

been the appropriate for taking the largest well out of service to perform preventative 

maintenance.  This system utilizes alternate sources as part of its fire protection systems to 

minimize the need for water system capacity.  The spreadsheet can be used to determine the 

specific impact of a failure by deleting the failed facility’s capacity in the spreadsheet, or assess 

the amount of capacity generated if a water conservation program was implemented.  Also, the 

impact of reservoir maintenance can be easily evaluated by deleting the capacity of the facility 

needing maintenance to determine the best time for maintenance to be performed.  The 

graphical representation of the data in Figure 16, which is shown in Figure 17, emphasizes the 

seasonal nature of demands in this community.  
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FIGURE 16.  Proposed water system analysis and sizing spreadsheet 
 
Water System Sizing and Spare Capacity Analysis Worksheet
System:
Analysis Year 2004
By: ADJ
Date:

Days in Month: 31 29 31 30 31 30 31 31 30 31 30 31
Month: January February March April May June July August September October November December

Total Pumpage (gallons) 24,497,000 26,184,000 29,231,000 30,568,000 36,370,000 49,985,000 64,438,000 63,707,000 39,195,000 29,551,000 23,467,000 24,709,000
Maximum Day Demand (gallons) 1,226,000 1,276,000 1,309,000 1,328,000 1,882,000 2,182,000 2,487,000 2,613,000 2,241,000 1,489,000 1,190,000 1,210,000
Minimum Day Demand (gallons) 513,000 689,000 461,000 555,000 765,000 1,189,000 1,771,000 1,566,000 733,000 643,000 543,000 494,000

Average Day Demand (gpm) 549 627 655 708 815 1157 1444 1427 907 662 543 554
Maximum Day Demand (gpm) 851 886 909 922 1307 1515 1727 1815 1556 1034 826 840

Month: Max Day to Average Day 1.55 1.41 1.39 1.30 1.60 1.31 1.20 1.27 1.72 1.56 1.52 1.52
Month Ave Day to Year Ave Day 0.65 0.75 0.78 0.84 0.97 1.38 1.72 1.70 1.08 0.79 0.65 0.66

Max Day + Fire, Fire Basis (gpm) 5,851 5,886 5,909 5,922 6,307 6,515 6,727 6,815 6,556 6,034 5,826 5,840
Spare Capacity, Fire Basis (gpm) 1,399 1,364 1,341 1,328 943 735 523 435 694 1,216 1,424 1,410
Spare Capacity, Ave Basis (gpm) 1,774 1,739 1,716 1,703 1,318 1,110 898 810 1,069 1,591 1,799 1,785

Ratio SE 1.70 1.65 1.63 1.61 1.14 0.89 0.63 0.53 0.84 1.47 1.73 1.71

1 838
0% 1,815

5,000 320
3 2.16

Fire protection alternate source (gpm) 2,000
0.90 2,250

825
540,000

375
3,000

1 325 Well 1 200,000 Storage turnover, min month average (hr) 1.17
2 450 Elevated 400,000
3 825 Firm Capacity, Ave Basis (gpm) 2,625
4 650 Firm Capacity, Fire Basis (gpm) 7,250
5 950 540,000

0
Minimum Ratio SE 0.53

if SE < 0.25 : Add capacity
if 0.25<SE<0.5 : Plan for additional capacity

Notes: Data input cells are indicated by shading if 0.5<SE<1.5 : Efficiently sized
Reserve capacity is amount deemed necessary by community officials if SE>1.5 : Excess capacity
ISO data based on ISO recommendation obtained by fire department officials
Alternate fire protection source based on fire department officials, including storm water detention facilities, pools, etc

Well Data

Reserve Capacity (gallon)
Fire Protection Requirement (gallons)

Average Day Demand (gpm)
Maximum Day Demand (gpm)

Maximum Day to Average Day

Firm Well Capacity (gpm)

Effective Storage, Fire Duration (gpm)

ISO fire duration (hr)

Effective storage ratio (range 0.8 to 0.95)

Effective Storage, Ave Basis (gpm)

Storage Data

Number

Largest Available Well (gpm)
Effective Storage (gallons)

Capacity 
(gallons)Location

Capacity 
(gpm)

Reserve capacity as percentage of average day
Minimum Day Demand (gpm)

4/18/2006 15:03

Demands

Capacities Calculations

ISO fire protection recommendation (gpm)

Number of wells out of service for firm well
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FIGURE 17.  Water system analysis plot, Wisconsin community 
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Additional Capacity: Storage or Well? 

Data analysis indicated that a number of small to very small water systems needed to construct 

additional water system capacity for the year 2003, assuming demand side reduction were not 

possible.  The calculated deficit capacity for these systems was expressed as an amount in 

equivalent largest available well (SE in Figure 8).  Communities which have not yet added 

capacity (or further reduced demands) need further analysis to determine which type of 

capacity to construct.  For water systems in climates which have extended periods of freezing 

weather, it is important to minimize the potential for water in storage to freeze.  Figure 18 is a 

plot of storage turn over in days based on 2003 minimum month average day demands for 

those Wisconsin systems with deficit spare capacity from Analysis 6.  From a cursory 

perspective, lacking specifics of water system layout and concern for water quality, a system 



 37 
with a turnover rate of less than 2 days could consider additional capacity as either storage 

volume or well capacity, provided added storage capacity considers water quality and thermal 

concerns in the design.  A number of deficit systems had a storage turnover of greater than 2 

days (to right of dashed line), with the longest turnover rate at 18 days.  These systems are at 

risk of freezing their storage facility if mixing and/or other freeze prevention means are not 

implemented, and should consider additional capacity in the form of well capacity.  

Construction of additional capacity as storage in these systems would create a greater concern 

for thermal damage and water quality.   

FIGURE 18.  Storage turnover for deficit systems, Analysis 6 
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Figure 18 shows that a number of systems had a deficit capacity below SE = -0.5 (below 

dashed line), indicating the need for these systems to add capacity in an amount greater than an 

equivalent largest available well in order for the systems to be considered efficiently sized 

(0.5< SE< 1.5).  For system with a storage turnover of less than 2 days (lower left quadrant), an 

equivalent largest well and additional storage could be added to achieve efficient supply.  For 

systems with a storage turnover of greater than two days (lower right quadrant), a large well or 

multiple wells could be added to achieve efficient supply.  When adding a single large well, if 
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the capacity of the new well is larger than the largest well in the system, the new large well 

would become the largest well in the firm well analysis requiring a new spare capacity analysis 

to evaluate the sizing efficiency of this option. 

Cost Implications of Study 

Using Analysis 1 as a basis, 99 Wisconsin systems had a deficit capacity, and a total of 131 

systems (25% of systems in study) needed to construct additional capacity in 2003 (SE<0.25).  

The average deficit capacity in these systems was 180 gpm, with a maximum deficit of 1,900 

gpm.  Assuming capacity was added to the systems as well capacity to satisfy the deficit and 

provide an SE of 1.0 (assuming further demand reductions are not possible), approximately 

132 wells with an average capacity of 530 gpm would need to be constructed.  In 2003, the 

average construction cost of a well, including engineering and construction, was approximately 

$1,000 per gpm of capacity based on experienced cost history.  Using this analysis, the cost to 

add well capacity to eliminate the deficit water system capacity in Wisconsin based on 2003 

data would have been approximately $70 million dollars.  Using an 8% inflation rate, which 

reflects the escalation in steel and fuel prices experienced by the industry, if these wells are 

constructed in 2006, the total cost would be approximately $88 million. 

Using Analysis 6 as a basis, 234 systems had a deficit capacity, and a total of 363 systems 

(70% of systems in study) needed to construct additional capacity in 2003 (SE<0.25).  The 

average deficit capacity in these systems was 120 gpm, with a maximum deficit of 1,800 gpm.  

Assuming capacity was added to the systems as well capacity to satisfy the deficit and provide 

an SE of 1.0 (assuming further demand reductions are not possible), approximately 364 wells 

with an average capacity of 560 gpm would need to be constructed.  Using this analysis, the 

cost to add well capacity to eliminate the deficit water system capacity in Wisconsin based on 

2003 data would have been approximately $204 million dollars.  Factoring in inflation, if these 

wells are constructed in 2006, the total cost would be approximately $257 million.   

Analysis 6 represents the results of Analysis 1 plus the impact of fire duration on water system 

capacity.   While Analysis 1 indicates a basic shortcoming of capacity that must be addressed 

with capacity or demand reduction measures, Analysis 6 has the benefit of other alternatives 
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since it relates to fire protection.  For instance, a community with surface water or storm water 

detention ponds can use the water from these sources to supplement water system capacity for 

the less frequent but large fire event.  While there is a cost associated with making this source 

available, such as additional equipment or installation of dry hydrants to access the source, a 

cost benefit analysis of the alternatives may prove one of these alternate sources beneficial to 

the system.  Combining Analysis 1 with Analysis 6, the estimated cost of needed additional 

well capacity, based on 2006 construction, is $176 million ± $84 million, depending upon the 

ability of water systems to supplement fire capacity with alternate sources.  Should demand 

side reduction be feasible, which could not be analyzed based on the data available, a lower 

cost estimate and larger standard deviation would result. 

Cause of Maximum Day Event 

The data set for maximum day demand included an indication for the cause of the maximum 

day demand event as recorded by the operator of the water system.  This cause was manually 

assigned in the data set to one of nine categories for use in further analysis.  Table 5 

summarizes the entire data set as well as the results from Analysis 1 through Analysis 6.  

Table 6 shows that in deficit capacity communities, 37% ± 4.1 of the deficit capacities were 

caused by scheduled activities (flushing and reservoir maintenance), and another 33% ± 1.2 

were caused by failures (equipment, main breaks or leaks).  Experience indicates that a 

maximum day demand caused by reservoir maintenance is the results of pumping water to 

waste to maintain pressure within a distribution system.  Reservoir maintenance need not create 

a maximum day demand with proper installation of pressure reducing pump control valves  

with emergency relief valves or variable frequency drives at well houses, each of which can  

control water system pressure without wasting water. These results suggest that better planning 

of scheduled maintenance, equipment upgrades, and/or performance of preventative 

maintenance during lower demand periods could reduce the number of deficit communities, 

and emphasizes the importance of sizing facilities based on the largest well out of service 

(failure condition).  The data in Table 5 further suggests that weather related causes for 

maximum day demand played a diminished role in communities with deficit capacity 

compared to the overall data set.  
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TABLE 5.  Causal analysis of maximum day demand 

  Deficit Systems by Analysis  
Cause All Data 1 2 3 4 5 6 

Equipment Failure 8.5% 14.0% 12.9% 13.0% 12.0% 9.7% 9.8%
Main Break – Leak 19.5% 20.0% 20.4% 20.2% 17.4% 24.1% 23.4%
Scheduled Flushing 18.3% 20.0% 19.0% 18.7% 16.5% 26.4% 24.7%
Reservoir Maintenance 9.7% 18.0% 15.6% 13.5% 12.0% 10.2% 13.2%
Fire 4.1% 5.0% 5.4% 5.2% 4.1% 5.1% 4.7%
Weather Related 23.6% 5.0% 8.8% 13.0% 19.4% 9.7% 9.4%
Multiple Causes 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Industry or Specific User 8.3% 10.0% 8.8% 7.8% 9.5% 8.3% 8.5%
Fill Reservoir 1.4% 1.0% 2.0% 1.6% 1.7% 0.9% 0.9%
Unknown 3.1% 3.0% 3.4% 4.1% 4.5% 2.8% 3.0%
New Water Main Construction 2.5% 3.0% 2.0% 2.1% 2.1% 2.3% 2.1%
Vandalism 0.4% 1.0% 0.7% 0.5% 0.4% 0.5% 0.4%
Road Construction 0.8% 0.0% 0.7% 0.5% 0.4% 0.0% 0.0%

Total Count 518 100 147 192 242 216 235 
 

TABLE 6.  Analysis of maximum day demand cause related to maintenance 

Analysis Failure Related Scheduled Maintenance Total Maintenance 
Related 

All Data 28% 31% 58% 
    
Analysis 1 34% 41% 75% 
Analysis 2 33% 37% 70% 
Analysis 3 33% 34% 67% 
Analysis 4 29% 31% 60% 
Analysis 5 34% 39% 73% 
Analysis 6 33% 40% 73% 
Average of Analyses 33% ± 1.2 37% ± 4.1 70% ± 5.3 
 
Rules of Thumb 

An investigation was performed to determine the validly of rules of thumb for assessing spare 

capacity of a CWS.  This investigation compared the number of communities with deficit spare 

capacity in each analysis with violation of the rule for average day demand and maximum day 

pumping cited by Ten States Standards (GL-UMRB, 2003).  Results of this investigation are 
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shown in Table 7.  Investigation of the maximum day rule of thumb, where a water system 

could use the total capacity of all well pumps operating provided that the average pumping 

time was less than 20 hours, resulted in deviations of 190%, 330%, 460%, 610%, 540%, and 

590% when compared to Analysis 1 through Analysis 6 respectively.  These results clearly 

shows that rules of thumb are inappropriate for use in determine spare capacity of a water 

system.  These results were expected since rules of thumb are not based on a detailed analysis 

and do not consider specific operational properties of water systems.  Since the average day 

rule of thumb indicated a lower number of deficit systems, comparison of this rule of thumb to 

results of Analysis 1 through Analysis 6 would result in larger deviations.   

TABLE 7.  Comparison of deficit capacity analysis results with sizing rules of thumb 

Number of systems with deficit capacity in each category 
Analysis Average Day Rule of 

Thumb 
Maximum Day Rule of 

Thumb 1 2 3 4 5 6 

8 34 100 147 192 242 216 235 
Footnote: Average day rule of thumb is average of 12 hours of pumping, Maximum day rule of 
thumb is average of 20 hours of pumping.  Average hours of pumping based on all wells.    
  
Maximum Hour Demand Analysis 

Analysis for spare capacity based on maximum day demand resulted in a significant portion of 

the municipal water systems having a deficit capacity.  It is believed that these results would 

have been slightly worse had analysis based on maximum hour demands been possible.  For 

instance, a system which had surplus capacity under the maximum day demand analysis could 

have had a deficit capacity under the maximum hour demand analysis much like comparison of 

Analysis 5 to Analysis 6.  This belief is based on engineering experience; however it can be 

illustrated by looking at calculation of ratios.  In the data set, the ratio obtained by dividing 

maximum day demand by average day demand, resulted in an average value of 2.67, median of 

2.18 and minimum of 1.09.  A similar trend in peaking factors of maximum hour demand 

divided by maximum day demand occurs when maximum hour data are available for analysis.  

Since peak factors are water system specific, determined by how customers use a water system, 

a low maximum day demand to average day demand ratio in conjunction with a larger 

maximum hour demand to maximum day demand ratio could result in a larger maximum hour 
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demand requirement than a maximum day demand plus fire duration requirement.  However, 

this incremental analysis will not change the results significantly, since the maximum day 

demand or maximum hour demand plus fire demand analyses are able to adequately describe 

most of the demand situations encountered, leaving analysis of maximum hour demand for 

those systems with known large maximum hour to average day demand ratios.  Since sizing 

and analysis should be based on the worst combination of demands, i.e. maximum day 

demand, or maximum day demand plus fire demand or maximum hour demand, full analysis 

including maximum hour demands could have resulted in a larger number of systems with 

deficit capacity.   

True Deficit Capacity? 

Spare capacity analyses for maximum day demand plus fire demand over fire duration and 

maximum day demand over 24-hour period with largest well out of service resulted in 43.2% ± 

6.2 of Wisconsin CWSs being considered undersized in 2003.  By this calculation, 

approximately 60% of Wisconsin’s small and very small CWSs were undersized.  Contrary to 

these calculations, it appears that these deficit systems were able to satisfy demands imposed 

on them for 2003, indicating none of them experienced a combination of conditions equal to 

the analysis conditions, i.e. large fire demand on their maximum day with their largest well out 

of service.  While nothing may have been reported in print for 2003, or for similar situations in 

other years, there have been numerous second hand reports of where a utility had to inform the 

fire department during a fire response that they had to find another water source because the 

system was almost out of water.  The spare capacity analysis approach presented here would 

have prevented this situation, but the question remains, is this approach overly conservative?  

Further study should be performed to determine the overall level of reliability provided by this 

approach, analyzing historical system demands combined with failure conditions for a 

sampling of water systems to quantify impact on these systems, the results of which could be 

factored into the methods used for spare capacity analysis.    
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Conclusions 

It is evident from analysis of 518 municipal water systems in Wisconsin that water system 

sizing guidelines would be useful for small and very small municipal water systems.  

Furthermore, it is evident that rules of thumb are poor indicators of determining whether water 

systems have sufficient capacity to satisfy demands.  While these results are specific to 

Wisconsin, it is believed that similar results would be present in other states.  This belief is 

based on the lack of cohesive demonstration of water system sizing in literature, lack of 

regulations for water system sizing and analysis, and the recommended use of rules of thumb 

for evaluating capacity. 

For analytical purposes, this study assumed demand side reductions, if possible, were already 

implemented.  Without personal interviews with each of the 518 municipal systems analyzed, 

this assumption could not be validated.  While it is believed that some municipalities may be 

addressing conservation and demand side reduction as a matter of policy, the practice is 

probably not wide spread is Wisconsin.    
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Recommendations 

Based on the result of this study, it is recommended that water system analysis and sizing 

guidelines be developed based on a risk assessment analysis of current recommended 

engineering practices, with provisions to address storage freezing and water quality issues.  

These recommendations will help small to very small water systems determine the basic needs 

of their water system, and provide them with direction on how to meet these needs.  By 

incorporating additional data into the analysis, which was not readily available from the WPSC 

or WDNR for this project, the guidance can assist in operational decisions such as scheduling 

of preventative maintenance to avoid creating a deficit supply situation, and determining the 

impact of a component failure on system reliability.  It should be the intent of these guidelines 

to assist communities, providing them with a basis for analysis and sizing, while allowing them 

the ability to incorporate engineering judgment and justification for specific situations and/or 

needs which a guideline may not adequately address.  The guidance would also be helpful to 

communities when evaluating recommendations on sizing that are provided to them by 

consultants they hire, or the impact of water conservation programs. 

For successful implementation of a water system sizing guideline, accurate and system specific 

data are needed.  System specific data includes physical pumping and storage capacities, 

monthly demand data, maximum day and hour demand data, fire protection rate and duration, 

and reserve capacity requirement as shown in Figure 17.  To easily acquire the demand data 

for Wisconsin, it is recommended that maximum day demand and minimum day demand 

recording be added to the WDNR monthly report requirements, with these values transferred 

by water system operators to the yearly WPSC report.  It is further recommended that as water 

system improvements are performed, specifically to telemetry and control systems, that 

provision be made for SCADA improvement for continuous calculation of water system 

demands. This improvement would allow for water system analysis using maximum hour 

demands (Equation 5), as well as provide an opportunity for establishing alarm conditions 

which can help with operations. 

In addition to sizing guidelines, water system personnel and fire department officials need to 

establish open lines of communication.  This proactive measure will ensure that recommended 
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fire protection capacity and needs of the fire department are incorporated into water system 

facilities.  This communication will also allow for determination of which needs of the fire 

department can be easily provided for by the water system, and if there is a need to establish 

alternate fire protection sources, such as dry hydrant connections to swimming pools or storm 

water detention ponds. 

ISO’s calculation of needed fire flow depends upon physical survey of buildings within a 

community.  This study emphasizes the importance of these surveys in determining the amount 

of capacity that needs to be provided by a water system for a community to be rated positively 

by ISO.  In addition, the study implies that commercial development could result in a need for 

additional fire protection capacity, which needs to be considered when development within a 

community is proposed.  For proper design of a water system which includes capacity for fire 

protection of the community, the fire flow must be accurately determined, communicated with 

the entity responsible for engineering of the water system, and accounted for in planning for 

community development and water demand forecasts.  A lack of ISO involvement or failure to 

recognize the need for planning in association with community development could result in 

insufficient water system capacity to satisfy demands which the water system will be subjected 

to and is expected to fulfill.   

It is indicated by the WDNR in the capacity development strategy that they will continue to 

enhance and modify their capacity development strategy over time (WDNR, 2000).  Based on 

this willingness, it is recommended that the WDNR develop and adopt a water system sizing 

guidance for small to very small water systems, based on redundant approach to reliability.  A 

recent study showed that poor water system management was often a reflection of poor 

community management (Bik et al, 2004).  While this may not be the reason for the results of 

this research, it does show that lacking specific direction or guidance, poor results can occur.  

Development and adoption of a sizing guidance will help small to very small utilities become 

effective and reliable.  
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