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(ABSTRACT) 

Due to quantity and quality problems with water sources and the relative poor 

condition of existing water systems, public water supply development is crucial in the 

Virginia coalfield counties. In order to address prevailing drinking water supply 

problems, this paper assessed existing water service delivery in the coalfields, identified 

appropriate technical and financial options to provide safe and sustainable water supplies 

for the region, and developed and illustrated a spreadsheet method for assessing capital 

costs and water rate impacts of funding options for water development projects. The 

research procedure incorporated literature and plan reviews, mail surveys, phone 

interviews, U.S. Census housing data mapping and analysis, and spreadsheet 

development application. 

The exploratory research showed that the topographic and geologic conditions of 

the region limit access to quality surface and groundwater. The steep terrain inhibits 

water line extensions and speeds surface water runoff. Available groundwater found in 

coal seams and springs is subjected to potential contamination. The dominating 

economic activities of the region, high extraction mining and logging, have also affected 

surface and groundwater sources. Furthermore, some existing water systems experience 

unacceptable water loss due to inadequate line maintenance, old equipment, and lack of 

meters. 

Technical solutions to these problems include water harvesting to supplement 

existing supplies with collected rain water. Treatment technologies appropriate for small 

water systems, such as oxidation filtration and aeration, can help remove contaminants 

typical of water supply in the coalfields but at a considerable cost. Water source



protection strategies, such as buffers and setback in zoning, also help minimize water 

contamination. 

The choice of financing and funding for water development projects can impact 

existing water rates. Projects supported solely by rate-supported financing will likely 

yield increases in water rates beyond the means of most residences, especially when 

compared to those funded partially by grants. Thus, a balanced combination of financing 

and grant funding is essential to achieve acceptable water rate impact and project success.
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Chapter I. Introduction 

I. A. Problem Statement 

Water supply is one of the most important components of infrastructure for 

community development. In particular, public water supply is critically important in the 

southwest Virginia coalfields due to quantity and quality problems with water sources and 

the relative poor condition of existing water systems. The topographic and geologic 

conditions of the coalfields, among the Appalachian Mountains, render limited access to 

surface and groundwater. The steep terrain accelerates surface water runoff and inhibits 

water line extensions. Subsurface geology holds few significant acquifers; available 

groundwater found in coal seams and springs is subjected to potential contamination. 

The dominating economic activities of the region, coal mining and logging, have also 

impacted surface waters and private sources such as wells and springs. In addition, the 

region lacks a comprehensive assessment of water service and supply options that would 

contribute to more orderly, efficient and effective water supply development. 

Due to current problems in water supply development in the coalfields, local and 

state governments are looking for effective and efficient means of system construction, 

upgrade, replacement, and extension. Economic development agencies are equally 

interested in cost-effective water system extensions. Landowners and public health 

advocates are interested in safe, reliable, and sustainable supplies. Coal mining 

companies and their regulating agencies are interested in least-cost means of replacing 

water supplies impacted by mining. The purpose of this major paper is to provide an 

assessment of the existing water service delivery in the coalfields, to identify applicable 

technical and financial options to provide safe and sustainable water supplies in the 

region, and to develop and illustrate a spreadsheet model for assessing the water-rate 

impact of water supply and financing options.



I. B. Research Procedure 

The major paper incorporates a variety of research methods. Literature and plan 

reviews were conducted for most chapters of the paper. Surveys and phone interviews 

were employed to gather current information on existing water systems in the coalfields, 

where not available from the literature review. In order to characterize geographically the 

water supply situation in the coalfields, U.S. Census data on household water supply were 

analyzed and mapped on Atlas GIS (Geographic Information System). System details, 

such as system component cost figures, were extracted from engineering and economic 

feasibility reports for water systems in the coalfields. Water rate and costing methods 

were consulted to develop a spreadsheet application for financial assessment of water 

supply options. 

I. C. Objectives and Methods 

Objective I 

The first objective of the paper is to identify water supply characteristics and 

problems and assess existing water supply in the coalfields. 

Methodology for Objective I 

First, a review of literature and planning documents provided a preliminary 

assessment of water systems in the coalfields. Second, this information was updated by 

mail and phone surveys of system officials to provide a current description of existing 

water supply systems. Third, household water supply data from 1970, 1980, and 1990 

U.S. Housing Census Data was analyzed and mapped on Atlas GIS to characterize water 

sources and their change over time. 

Objective 2 

The second objective of the paper is to describe water supply options available in 

the coalfields, including water supply system design, upgrade, replacement, and 

extension. 

Methodology for Objective 2 

First, a literature review was conducted on conventional and unconventional small 

water supply system technologies for system design, replacement, and extension. The 
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assessment included water retention, source protection, supply/distribution, and treatment 

technologies. Second, technical opportunities and constraints associated with the listed 

options were identified. Third, construction costs, where available, were summarized. 

Objective 3 

The third objective is to develop and demonstrate an interactive, manageable, and 

accessible method of financial assessment and rate-setting for water systems. 

Methodology for Objective 3 

The Costing and Rate-Setting Workbook for Water and Sewer Utilities, by Shinn 

and Randolph (1989), was selected as a guide for this objective. First, the workbook 

procedure was converted into spreadsheets, using Microsoft Excel. Second, the utility of 

the spreadsheet for financial assessment and rate-setting was explained and illustrated. In 

particular, the spreadsheets were used to calculate construction costs, operation and 

maintenance costs, and water rate impact of a hypothetical example. Data collected in 

objectives 1 and 2 were incorporated into the spreadsheets as inputs. Other pertinent 

information, such as sources of funding and financing, are also included in appendixes. 

I. D. Expected Findings 

Three primary conclusions are anticipated from this paper. First, water system 

development and replacement is critically important for community development in the 

Virginia coalfields. Second, water supply options for the region face natural and 

technical challenges that demand cost-effective solutions. Finally, the information and 

costing spreadsheets provided in this study can aid communities and organizations with 

limited resources to assess the rate impacts of technical and financial water supply 

options. 

I. E. Major Paper Layout 

The paper is organized into five main chapters. The sixth chapter contains the list 

of literature cited. Figure 1.1 summarizes the outline of paper.
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Chapter II. Water Supply in the Virginia Coalfields 

This chapter provides an overview of the Virginia coalfields and an inventory of 

existing water supply systems in the region. The first section summarizes general 

characteristics of the region. The second section addresses drinking water quality 

problems. The final section highlights existing water supply systems. 

II. A. The Virginia Coalfields 

Incorporated into Planning District Commission 1 and 2, the Virginia coalfields 

consist of coal-producing counties: Buchanan; Dickenson; Wise; Lee; Russell; Scott; 

Tazewell; and the independent city of Norton in Wise County (Figure 2.1). Characterized 

by rugged mountains and V-shaped valleys with steep slopes and narrow ridges, this area 

lies in two physiographic provinces. All of Wise, Dickenson, and Buchanan Counties 

and adjacent areas of Lee, Scott, Tazewell, and Russell counties lie within the 

Appalachian or Cumberland Plateau. This physiographic province is underlain by 

massive sandstone rock units, shale, and coal. The remainder of the coalfields are located 

within the Ridge and Valley physiographic province where limestone valleys dominate. 

A thrust fault separates the two physiographic provinces. 

Coal development was responsible for attracting migrants to the region in the 

latter part of the nineteenth century and the early twentieth century. Population growth in 

the coalfields was far above that of other areas in Southwest Virginia. This trend 

continued through the hard times of the depression in the 1930s and World War II. The 

demand for labor, however, was reduced with the mechanization of mines in the 1950s. 

From the 1950s to the 1960s, the net out-migration from the coalfields continued as 

people moved to urban and suburban areas. When the energy crisis increased the demand 

for coal in the 1970s, people were lured back to the region in search of high-wage jobs in 

the coal industry. Fluctuation in population migration continued through the 1980s when 

the population in the coalfields dropped. A gradual downward trend is expected to 

continue.
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While the economy of the coalfields is dominated by coal production, other 

industries impact population and employment. These industries include: apparel; lumber 

and wood products; furniture and fixtures; paper and allied products; other petroleum 

products; fabricated metal; machinery; transportation equipment; and stone, clay, and 

glass products. 

II. B. Water Issues on the Coalfields 

Major drinking water problems in the coalfields are associated with water 

availability and quality. Water availability problems are related to the general geology of 

the region, the percentage of connections to public water systems, and the number of 

housing units lacking adequate plumbing facilities. Water quality problems consist of 

natural water characteristics of the region, source contamination, and impacts of mining 

activities. 

Water Availability Problems 

The coalfield region experiences severe water quantity problems during drought 

periods. Some municipal groundwater sources and many individual wells have dried out 

during drought periods. Even during dry summer months, some water utilities reported 

unacceptable, low yields. Water quantity limitation is characteristic of sandstone and 

shale formations. Sandstones in the coalfields tend to be “well cemented and generally 

poor water sources” (Roth, et. al., 1990: 10). This type of geology is characteristic of the 

Cumberland Plateau, in which most of the region is located. Even in the Valley and 

Ridge Plateau, where a higher conductor of water (limestone) dominates, sand and shale 

typically underlay the ridges and upland areas of the Valley and Ridge Plateau. For these 

reasons, water sources in the coalfields, particularly individual systems, are unreliable. In 

a study of two coalfield counties, reliability problems were noted by 16% of those using 

private/public systems and 19% relying on individual water supplies (Ross et. al., 1995: 

29). 

Even when water quantity problems can be mitigated by public water, access to 

these sources is often not available. This water availability problem is illustrated by the



low percentages of public water connections in the coalfield counties. In 1990, U.S. 

Census data indicate that only 2,746 out of 12,222 housing units in Buchanan County are 

connected to public water systems (Table 2.1). Having the lowest percentage of 

connected housing units in the coalfields, Buchanan County improved from 9.9 percent in 

1970 to 22.5 percent in 1990. Appendix A, Figure 1 shows the percentage of housing 

units with public water connections for 1970, 1980, and 1990 in each county. From 1970 

to 1990, census data indicate that Buchanan, Dickenson, Lee, and Wise counties 

experienced double digit increases in the percentage of housing units with public water 

hookups. Russell and Scott stayed in the thirty percentage range with Tazewell remaining 

in the fifties (Appendix A, Figure 1). 

In addition to having the highest number and percentage housing units with public 

water hookups, 11,548 connections or 72.5% of the total number of housing units, Wise 

County has the lowest percentage of housing units with individual drilled (18.8%) and 

dug wells (2.2%) of all the counties in 1990. Dug and drilled wells are discussed in detail 

in Chapter HI. Buchanan County had the highest percentage of housing units with 

individual drilled wells for 1970, 1980, and 1990 (Appendix A, Figure 2). While the 

percentage of housing units with individual drill wells decreased more than 10% for other 

counties, Lee, Scott, and Tazewell only changed by less than 6% (Table 2.1). 

Appendix A, Figure 3 shows the percentage of housing units with individual dug 

wells for the 1980 and 1990 Census. Appendix A, Figure 4 presents data from the 1970, 

1980, and 1990 Census for the percentage of housing units using other water sources. 

Examples of the latter are use of springs, hauled water, or cisterns. In 1970, Lee County 

had the highest percentage (40.7%) of housing units using other water sources (Appendix 

A, Figure 4). Although the percentage dropped to 22.8% in the 1990 Census, Lee County 

remained in the highest percentage range (20% to 30%), with Russell and Scott counties. 

In addition to the increases in public water connections, the coalfields have 

experienced significant decreases in the percentage of housing units lacking plumbing, 

indicating significant improvement between 1970 and 1990. In 1970, Lee County had the 

highest percentage (54.1%) of housing units without plumbing (Appendix A, Figure 5). 
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Table 2.1: Drinking Water Systems in the Virginia Coalfields 

  

  

        

Individual Individual | 

Bate et eo Dug Well Other Water 

Total 

County Housing : Housing Percent : Housing Percent : Housing Percent : Housing Percent 

Units Units of Total Units of Total Units of Total Units of Total 

Buchanan 

1970 8,973 892 8% 7,229) BOLB% NEA 852 2.3% 

1980 12,764 1,011 FOP 9,478 74.3% 1,032 Bs 1,243 O.7% 

1990 12,222 2,746 22.5% 7,553 84.8% 787 BAM 1,136 8.2% 

Dickenson 

1970 5,056 988 ‘%S.58% 2,888 87.1% NA 1,174 2a.e 

1980 6,899 2,502 35.5% 2,802 0.8% 341 8.9% 1,254 TB.2 

1990 7,112 3,152 44.8% 2,590 38.4% 232 Bb Oe 1,138 16.0% 

Lee 

1970 7,289 2,087 28.6% 2,239 BD. P% NYA 2,963 80, 7% 

1980 9,652 3,943 40 8% 2,10 288.0% 360 a. 7% 2,839 29.4% 

1990 10,263 4,756 48.3% 2,739 28.7% 429 wae 2,339 ee. 

Russell 

1970 7,607 2,566 33.7% 2,190 28, NWA 2,856 fe 

1980 11,518 4,502 29.7% 3,906 32. 379 3. 2,731 23.7% 

1990 11,558 4,342 37.6% 4,456 28.8% 331 2.3 2,429 21% 

Scott 

1970 8,124 2,689 33.9% 2,721 33.8% AA 2,705 Be 

1980 9,741 3,482 35.7% 2,842 29.2% 531 5.5% 2,886 20.8% 

1990 10,003 3,655 26.8% 3,409 34.3% 525 Be 2,414 24.7% 

Tazewell 

1970 12,841 6,589 3,368 28.2% NEA 2,878 Le 

1980 18,230: 10,079 4,997 27 4% 447 2.8% 2,707 14 B% 

1990 18,901 10,467 5,587 = - 28.8% 450 2.4% 2,397 TAP 

Wise 

1970 11,512 6,349 3,192 AUR 1,963 TEAS 

1980 15,645 9,853 3,658 450 2.3% 1,684 VO.8% 

1990 15,927: 11,548 2,999 78.8% 347 Behe 1,033 G.E% 

Norton City 

1970 1,436 1,386 NA NA 46 3.2% 

1980 1,839 1,794 19 70% 0 0.0% 26 1AM 

1990 1,845 1,828 12 OPS 5 0.3% NA 

Coalfield Counties 

1970 62,838: 23,546 23,827 AYA 15,437 2%. 8% 

1980 86,288: 37,166 30,212 3,540 BTSs 15,370 VP BS 

1990 87,831: 42,494 29,345 3,106 3.5% 12,886 VAP     
  

  
  

      

Source: U.S. Census: 1970, 1980, 1990 
 



This percentage dropped to 9.2% in the 1990 Census. At 10.3%, Scott is the only county 

to still be in the 10% to 20% group. Although these improvements in indoor plumbing 

are dramatic, approximately 1,028 housing units in Scott County still did not have 

complete plumbing facilities as of the 1990 Census (Table 2.2). The findings indicate a 

substantial number of housing units requires not only public water access but also modern 

infrastructure to support public system water. 

Natural Water Quality Problems in the Coalfields 

In addition to water quantity problems, the physiography of the coalfields 

contributes to water quality problems. That is, groundwater in the Cumberland Plateau 

tends to be of poor quality, sulfurous and iron-rich, due to the sandstone, shale, and coal 

formations (Weigmann et. al., 1988: 5). At depths of greater than 300 feet, naturally 

saline waters occur in this region. Furthermore, the chemical composition of limestone 

formations contributes to the “hardness” of water in the Valley and Ridge Plateau. In 

limestone areas, sizable surface streams disappear into underground channels to become 

head waters for rivers, carrying contamination during the process (Weigmann et. al., 

1988: 5). 

Karst terrain is another natural formation that can contribute to water 

contamination. The karst terrain in the Ridge and Valley Plateau “is characterized by 

sinkholes and solution channels which may accelerate the movement of contaminants into 

deep wells” (Ross, et. al., 1995: 29). That is, while streams and surface runoff entering 

sinkholes to recharge the Ridge and Valley Plateau aquifers, they are also direct conduits 

of contaminants. Dumping in sinkholes also has tremendous adverse impact on 

groundwater. These conditions make the pollution potential in this province very high. 

The coalfields are also characterized by thin top soil that allows relatively easy 

penetration by contaminants. Furthermore, shallow wells or springs not only have the 

tendency to dry up during summer months but are also easily contaminated by land use 

practices. All of these conditions contribute to natural water quality problems in the 

region. 
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Table 2.2: Sewage Disposal and Lack of Plumbing in the Virginia Coalfields 

Public Sewer 

Septic Tank 

and Cesspool 

Other Sewer 

Disposal Means Lack of Plumbing 

  

  

Total 

County Housing :Housing Percent : Housing Percent : Housing Percent : Housing Percent 

Units Units _—_ of Total Units of Total Units of Total; Units of Total 

Buchanan 

1970 8,973 676 7% 4,241 a? 3% 4,056 48.2% 3,879 Ao 

1980 12,764 1,022 8.0% 9,896 PPS 1,846 4.5% 1,785 14.0% 

1990 12,222 1,297 VU.E%! 10,034 a2 Ve 891 PS 581 4B 

Dickenson 

1970 5,056 480 8.8% 1,913 2FB%G 2,657 32.8% 2,459 AS. B% 

1980 6,899 935 TS.B% 4,567 85.2% 1,397 20.2% 951 13.8% 

1990 7,112 1,058 13.0% 5,180 72.8% 874 12.8% 480 8.7% 

Lee 

1970 7,289 930 12.8% 2,685 86.8% 3,674 30.4% 3,942 S4.7% 

1980 9,652 1,440 143% 6,226 G4 BM 1,986 28.6% 1,755 VE.2%, 

1990 10,263 1,700 16.8% 7,563 PoP 1,000 OP % 941 9.2% 

Russell 

1970 7,607 1,272 TEP 3,082 AQB% 3,258 82.8% 3,285 43 2% 

1980 11,518 2,450 23.8% 7,315 GU.8% 1,753 t8.2% 1,508 TS3.41% 

1990 11,558 2,417 20% 8,159 POD 982 6.5% 719 6.2% 

Scott 

1970 8,124 848 TOG 3,735 83.0% 3,532 43.5% 3,647 44.5% 

1980 9,741 1,213 12.058 6,467 G6.4% 2,061 27.2% 2,161 2a0% 

1990 10,003 1,806 18.1% 7,314 PBA% 883 8.8% 1,028 10.3% 

Tazewell 

1970 12,841 5,163 BOLL 4,074 SEP 3,598 = 88.0% 4,050 21.8% 

1980 18,230 8,401 BSI 8,210 830% 1,619 8.9% 1,423 7 B% 

1990 18,901 9,391 aS Ph 8,737 SB.2 8 773 BTM 566 3.0% 

Wise 

1970 11,512: 4,089 BS.5% 3,407 23.5% 4,008 34.8% 4,187 SEAMS 

1980 15,645 6,887 Ae Os 7,298 85.0% 1,460 ON 1,331 8 Oe 

1990 15,927 7,284 45.7% 7,905 AG. OM 738 4% 703 4AM 

Norton City 

1970 1,436 1,287 Bo.O% 23 1B 122 8.5% 294 ZUM 

1980 1,839 1,706 82.8% 70 S.O% 63 ere es 88 4 B% 

1990 1,845 1,784 86.7% 61 2% NYAS 13 0.7% 

Coalfield Counties 

1970 62,838: 14,745 23.5%: 23,160 35.9% 24,905 39.5%! 25,743 4y O% 

1980 86,288: 24,054 27.8%: 50,049 SB.0% 12,185 %4.1% 11,002 T2.B% 

1990 87,831: 26,737 SG4%! 54,953 62.6" 6,141 #.O% 5,031 S.P%           

Source: U.S. Census: 1970, 1980, 1990 
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Potential Water Quality Problems from Source Contamination by Septic Systems 

When combined with naturally occurring water contamination, land use practices 

magnify and intensify water quality problems. In particular, the use of septic systems can 

have dramatic impact on groundwater if not properly designed, sited, or maintained. 

They have a high potential to contaminate groundwater with nitrates, coliform bacteria, 

viruses, and a variety of organic and inorganic chemicals from household use. For this 

reason, the U.S. Environmental Protection Agency considers septic systems as the major 

source of the groundwater contamination process (Weigmann et. al., 1988: 11). 

The problem intensifies when the working conditions of septic systems are also 

considered. That is, inappropriate siting and poor design, construction, and maintenance 

of these systems can contaminate groundwater. Since the design life of septic systems 

averages 10 to 15 years, many existing septic systems installed in the 1960s have 

exceeded their design life and may no longer be functioning properly (Weigmann et. al., 

1988: 11). These problems are exacerbated in the coalfield area, which is characterized 

by shallow soils, steep slopes, and dense development in narrow valleys and hollows. 

In the coalfield counties, a high percentage of housing units uses septic systems 

and cesspools for sewer disposal. Of all the counties, the highest percentage (49.7%) of 

housing units connected to public sewer systems is found in Tazewell County (Appendix 

A, Figure 6). This means that the percentage of housing units with access to public sewer 

disposal is still less than 50%. From the 1970 to the 1990 Census, percentage increases 

in housing units connected to public sewer have not exceeded more than 10 percent for 

any county in the coalfields (Appendix A, Figure 6). 

The 1990 U.S. Census showed that four counties (Dickenson, Lee, Russell, and 

Scott) have more than 70 percent of housing units using septic tanks or cesspools for 

sewage disposal (Appendix A, Figure 7). Being in the lowest percentage range, between 

40 and 50 percent, 49.6 percent of Wise County and 46.2 percent of Tazewell County use 

septic systems (Appendix A, Figure 7). Buchanan County had the highest percentage of 

82.1 percent. Having the advantage of being an urban area, Norton City only had a 3.3 

percent septic use as well as a high percentage of public water connections. 
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The trends of septic tank and other means of sewer disposal use, such as privies, 

are shown in Appendix A, Figure 7 and Figure 8. Although both trend are downward, a 

total of 54,953 housing units in the coalfields still use septic tank or cesspool to dispose 

sewage (Table 2.2). Furthermore, the total number of housing units using other sewer 

disposal means consists of 6,204. These numbers indicate that the potential for 

groundwater contamination from septic and other sewage disposal systems should be 

addressed. 

Water Quality Problems and Mining 

Although mining has provided a large percentage of the employment in the 

coalfields, it has yielded adverse impacts on water quantity and quality. For example, 

“the stripping on the surface and the tunneling below the surface contaminated and 

disrupted the groundwater supply” of some locations in Wise County (Weigmann et. al., 

1988: 29). Both surface and deep coal mining in Virginia pose treats to groundwater. 

Two major problems are created by mining. The first problem involves the loss of 

water in wells when aquifers are interrupted by nearby blasting or subsidence. The latter 

results from the honeycombing of mine shafts in mountains. Subsequently, land 

subsidence and cave-ins of overlying material disturb surface material. Subsidence can 

damage well shafts, drain acquifers, and contaminate well water. High extraction mining, 

the most prevalently used method in Virginia, causes subsidence by design. 

The second problem created by mining consists of surface and groundwater 

contamination from coal extraction and production processes. Since coal is frequently 

found with iron pyrites and other sulfides, water contamination can occur from acid mine 

drainage, the washing of chemicals and minerals, and mine wastes. For example, 

dewatering causes these minerals to be exposed to oxygen, resulting in chemical reactions 

that render the minerals acidic. The reintroduction of these transformed minerals into 

water results in “very acidic groundwater with high levels of iron and sulfates” 

(Weigmann et. al., 1988: 29). 

Even wells that tap water from coal seams are often characterized by high levels 

of inorganic constituents, especially iron, manganese, and sulfates (Ross, et. al., 1995: 
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29). Coal seams are “the only lithologic units capable of storing and transmitting 

significant qualities of water” (Roth, et. al., 1990: 12). Thus, water from these sources 

must be treated by appropriate treatment technologies for acceptable household use. 

II. C. Water Supply Systems in the Virginia Coalfields 

This section provided an inventory of existing water supply systems in the 

Virginia coalfields counties. Since the coalfields are located on two major river basins, 

this section is organized by the Big Sandy Planning Area and Tennessee Planning Area. 

Within the Tennessee Planning Area, two relevant subbasins consist of the Clinch and 

Powell subbasins. The two planning areas are also located in PDC 1 and PDC 2. The 

relationship between planning areas, subbasins, planning district commissions (PDCs), 

and counties are summarized in Table 2.3. Table 2.4 summarizes the service areas in 

terms of the number of connections in 1983 and 1995, the Virginia Department of Health 

(VDH) limit on the number of connections and water loss in 1983 and 1995. 

Table 2.3: Water Basins in the Virginia Coalfields 

  

Counties EY iteweVac ks emery: wert an 3 e 

Buchanan __ Big Sandy 2 

Dickenson Big Sandy 2 

Wise Big Sandy & Tennessee Powell & Clinch 1 

Lee Tennessee Powell 1 

Russell Tennessee Clinch 2 

Tazewell Tennessee Clinch 2 

Norton Tennessee Clinch ] 

Big Sandy Planning Area 

The Big Sandy River Basin occupies all of Buchanan County and portions of 

Dickenson, Tazewell, and Wise counties. It is largely located in the Appalachian Plateau 

Physiographic Province or the Cumberland Plateau. The Big Sandy Planning Area 
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Table 2.4 

The Virginia Coalfields Water Supply Systems 

Area County 

Big Sandy Planning Area 

John Flannagan Demand Center 

Town of Clintwood Dickenson 

Big Caney Water Corp. Dickenson 

Town of Grundy Buchanan 

Buchanan County PSA Buchanan 

Dickenson County PSA Dickenson 

Pound Demand Center Wise 

Amonate Demand Center Tazewell 

Bishop Demand Center Tazewell 

Tennessee Planning Area 

Clinch River Planning Subarea 

Clinchport Demand Center Scott 

Duffield Demand Center Scott 

Lebanon Demand Center Russell 

Honaker Demand Center Russell 

St. Paul Russell County Demand Center 

Town of Cleveland Russell 

Town of St. Paul Russell 

RCWSA Russell 

Wise-Norton Demand Center 

City of Norton Norton 

Town of Wise Wise 

Town of Coeburn Wise 

WCPSA Wise 

Richlands-Tazewell Demand Center 

TCPSA Tazewell 

Jewell Ridge Section 

Raven-Doran Section 

Claypool Hill Section 
Town of Richlands Tazewell 

Town of Cedar Bluff Tazewell 

Town of Tazewell Tazewell 

Powell River Subarea 

Pennington Gap Demand Center 

Town of Pennington Gap — Lee 

SCWSA Lee 

Dryden Water Authority Lee 

Town of Jonesville Lee 

Woodway Water Auth. Lee 

Big Stone Gap Demand Center 

Appalachia SA Wise/Lee 

BSGSA Wise 

Western Lee County Demand Center 

Lee County Water Auth. Lee 

Rose Hill SA Lee 

Dunbar Demand Center Wise 

Source 

Surface 

Ground 

Ground 

Surface 

Surface 

Surface 

Ground 

Surface 

Surface 

Surface 

S&G 

S&G 

S&G 

Surface 

S$&G 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Surface 

Ground 

Connections Water Loss 

1983 1995 VDH Limit 1983 1995 

970 1,580 1,620 20% 18% 

n/a 1,780 3,300 n/a 50% 

700 n/a 59% ~ niéa 

400 3,950 None 16% 21% 

n/a 291 None n/a 5% 

576 = 795 n/a n/a nia 

90 77 n/a n/a néa 

103-104 103 n/a nfa 

45 nla 75 n/a nfa 

275 = =321 None n/a 11% 

1,400 1,655 n/a 17% 12% 

740 900 #£None 24% 13% 

120 )=«121 168 64% nia 

450 395 n/a 20% = niéa 

1,510 1,669 1,440 50% = néa 

2,200 2,101 n/a 45% nfa 

2,281 2,246 3,750 27% 25% 

1,300 1,413 None 33% 18% 

725 2,282 n/a n/a nfa 

94 82 125 24% nia 

7370 751 n/a 11% niéa 

457 = 839 n/a n/a n/a 

2,300 2,680 n/a 50% 20% 

584 697 n/a 29% nifa 

1,645 1,850 n/a 21% = nfa 

n/a 1,184 n/a 20% nia 

530 545 n/a 20% ~~ nfa 

338 443 n/a 20% niéa 

517 593 n/a 36% 12% 

720 968 n/a 50% ~ néa 

1,605 1,469 None 52% 18% 

3,063 3,493 n/a 42% nia 

575 709 n/a n/a 20% 

217 néfa 217 n/a nfa 

52 niéa 52 n/a n/a 
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Issues 

Supplied by JFWA 

Limited pump capacity 

Inadequate treatment capacity 

Inadequate treatment 

Includes Town of Grundy 

Buys from JFWA & Wise County 

Inadequate source 

Supplied by TCPSA 

Supplied by TCPSA 

Decreasing demand 

All water supplied by DDA 

May have shortage by 2010 

Water loss is high 

Old distribution system 

A water surplus projected for 2030 

A water surplus projected for 2030 

High commercial water use & water loss 

Included in WCPSA 

Expanded recently 

Average water loss is at 20% 

Formally Cavitts Creek Project 

More expansions planned 

Upgraded recently 

Water loss requires reduction 

Water loss requires reduction 

System should expand to Jonesville 

Buys from Pennington Gap 

Buys from Pennington Gap 

Upgraded recently 

High water loss 

Upgraded recently 

High water loss 

Buys from ASUD in Tennessee 

VDH approved a local spring 

Unmetered system, depends on gravity 

Maintained by Westmoreland Coal Co.



consists of four demand centers: 1) John Flannagan; 2) Pound; 3) Amonate; and 4) 

Bishop. The John Flannagan demand center is broken down into four service areas. 

Service areas in the planning area are summarized, in terms of connection 

numbers and water source type, in Table 2.4. Individual systems are discussed in more 

detail in Appendix B. In 1995, Buchanan PSA has the highest number of connections in 

the Big Sandy Planning Area. It includes the Town of Grundy. 

Public water withdrawals in the planning area are from reservoirs, ground water, 

and surface water. In 1980, approximately 16 percent of the Basin population was served 

by public water supply systems. Thus, a large portion of the Basin population, 84 

percent, did not obtain water from public supply systems. The majority of these people 

relied on ground water wells while a small percentage used springs, surface water 

streams, and cisterns. It was expected that most of the region will connect to public water 

supplies whenever possible, because the ground water is typically of relatively poor 

quality due to increased levels of iron, manganese, sulfates, and, occasionally, chlorides. 

In 1990, many counties in this area, particularly Buchanan, have made significant 

improvements in service connection. 

Tennessee Planning Area 

The largest water basin planning area in the coalfields is the Tennessee Planning 

Area. It includes two subbasin areas: the Clinch River subbasin and the Powell River 

subbasin. These subbasins are discussed separately below. 

The Clinch River Subbasin 

The Clinch River subbasin includes portions of Scott, Russell, Wise, and 

Tazewell counties, as well as the City of Norton. It consists of six demand centers: 1) 

Duffield; 2) Lebanon; 3) Honaker; 4) St. Paul/Russell; 5) Wise/Norton; and 6) 

Richlands/Tazewell. The Clinch River Subbasin contains 15 service areas within 6 

demand centers. These are summarized in Table 2.4. Individual water supply system are 

described in Appendix B. 
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�P�o�w�e�l�l� �R�i�v�e�r� �S�u�b�a�r�e�a� 

�T�h�e� �P�o�w�e�l�l� �R�i�v�e�r� �S�u�b�a�r�e�a� �i�s� �t�h�e� �w�e�s�t�e�r�n�m�o�s�t� �o�f� �t�h�e� �t�h�r�e�e� �T�e�n�n�e�s�s�e�e� �R�i�v�e�r� 

�S�u�b�a�r�e�a�s� �i�n� �V�i�r�g�i�n�i�a�.� �I�t� �i�n�c�l�u�d�e�s� �L�e�e� �C�o�u�n�t�y�,� �a�n�d� �t�h�e� �s�o�u�t�h�w�e�s�t�e�r�n� �p�o�r�t�i�o�n� �o�f� �W�i�s�e� 

�C�o�u�n�t�y�.� �T�h�e� �t�o�t�a�l� �l�a�n�d� �a�r�e�a� �o�f� �t�h�e� �s�u�b�b�a�s�i�n� �i�s� �5�4�8� �s�q�u�a�r�e� �m�i�l�e�s�.� �T�h�e� �B�i�g� �S�a�n�d�y� �R�i�v�e�r� 

�B�a�s�i�n� �b�o�r�d�e�r�s� �t�h�e� �s�u�b�a�r�e�a� �o�n� �t�h�e� �n�o�r�t�h�,� �t�h�e� �C�l�i�n�c�h� �R�i�v�e�r� �S�u�b�b�a�s�i�n� �o�n� �t�h�e� �e�a�s�t�,� �T�e�n�n�e�s�s�e�e� 

�o�n� �t�h�e� �s�o�u�t�h�,� �a�n�d� �K�e�n�t�u�c�k�y� �o�n� �t�h�e� �w�e�s�t�.� �T�h�e�r�e� �a�r�e� �2� �p�h�y�s�i�o�g�r�a�p�h�i�c� �r�e�g�i�o�n�s� �i�n� �t�h�e� 

�s�u�b�b�a�s�i�n�:� �t�h�e� �V�a�l�l�e�y� �a�n�d� �R�i�d�g�e� �P�h�y�s�i�o�g�r�a�p�h�i�c� �P�r�o�v�i�n�c�e� �(�L�e�e� �C�o�u�n�t�y� �p�o�r�t�i�o�n� �o�f� �t�h�e� 

�s�u�b�b�a�s�i�n�)� �a�n�d� �t�h�e� �A�p�p�a�l�a�c�h�i�a�n� �P�l�a�t�e�a�u� �P�h�y�s�i�o�g�r�a�p�h�i�c� �P�r�o�v�i�n�c�e� �(�W�i�s�e� �C�o�u�n�t�y� �p�o�r�t�i�o�n�)�.� 

�G�r�o�u�n�d� �w�a�t�e�r� �a�v�a�i�l�a�b�i�l�i�t�y� �w�i�t�h�i�n� �t�h�e� �s�u�b�b�a�s�i�n� �v�a�r�i�e�s� �w�i�t�h� �t�h�e� �p�h�y�s�i�o�g�r�a�p�h�i�c� 

�r�e�g�i�o�n�s�:� �i�t� �i�s� �t�y�p�i�c�a�l�l�y� �s�c�a�r�c�e� �a�n�d� �o�f� �p�o�o�r� �q�u�a�l�i�t�y� �i�n� �t�h�e� �A�p�p�a�l�a�c�h�i�a�n� �P�l�a�t�e�a�u� �r�e�g�i�o�n� �w�h�i�l�e� 

�m�o�r�e� �p�l�e�n�t�i�f�u�l� �a�n�d� �o�f� �b�e�t�t�e�r� �q�u�a�l�i�t�y� �i�n� �t�h�e� �V�a�l�l�e�y� �a�n�d� �R�i�d�g�e� �r�e�g�i�o�n�.� �L�a�n�d� �u�s�e� �v�a�r�i�e�s� �w�i�t�h� 

�p�h�y�s�i�o�g�r�a�p�h�i�c� �p�r�o�v�i�n�c�e�s�:� �c�o�a�l� �m�i�n�i�n�g� �i�s� �m�o�r�e� �p�r�e�v�a�l�e�n�t� �i�n� �t�h�e� �A�p�p�a�l�a�c�h�i�a�n� �P�l�a�t�e�a�u� 

�r�e�g�i�o�n�,� �w�h�i�l�e� �f�a�r�m�i�n�g� �i�s� �m�o�r�e� �c�o�m�m�o�n� �i�n� �t�h�e� �V�a�l�l�e�y� �a�n�d� �R�i�d�g�e� �r�e�g�i�o�n�.� 

�T�h�e�r�e� �a�r�e� �f�o�u�r� �d�e�m�a�n�d� �c�e�n�t�e�r�s� �t�h�a�t� �e�n�c�o�m�p�a�s�s� �t�e�n� �w�a�t�e�r� �s�e�r�v�i�c�e� �a�r�e�a�s�.� �T�h�e� �B�i�g� 

�S�t�o�n�e� �G�a�p� �D�e�m�a�n�d� �C�e�n�t�e�r� �i�n�c�l�u�d�e�s� �t�h�e� �A�p�p�a�l�a�c�h�i�a� �S�e�r�v�i�c�e� �A�r�e�a�s�.� �T�h�e� �P�e�n�n�i�n�g�t�o�n� �G�a�p� 

�D�e�m�a�n�d� �C�e�n�t�e�r� �c�o�v�e�r�s� �f�i�v�e� �s�e�r�v�i�c�e� �a�r�e�a�s�:� �t�h�e� �T�o�w�n� �o�f� �P�e�n�n�i�n�g�t�o�n� �G�a�p�;� �S�t�.� �C�h�a�r�l�e�s� 

�W�a�t�e�r� �a�n�d� �S�e�w�e�r�a�g�e� �A�u�t�h�o�r�i�t�y�;� �D�r�y�d�e�n� �W�a�t�e�r� �A�u�t�h�o�r�i�t�y�;� �W�o�o�d�w�a�y� �W�a�t�e�r� �A�u�t�h�o�r�i�t�y�;� 

�a�n�d� �t�h�e� �T�o�w�n� �o�f� �J�o�n�e�s�v�i�l�l�e�.� �T�h�e� �m�o�s�t� �s�o�u�t�h�w�e�s�t�e�r�n� �d�e�m�a�n�d� �c�e�n�t�e�r� �o�f� �w�e�s�t�e�r�n� �L�e�e� 

�C�o�u�n�t�y� �i�s� �c�o�m�p�o�s�e�d� �o�f� �L�e�e� �C�o�u�n�t�y� �W�a�t�e�r� �A�u�t�h�o�r�i�t�y� �(�L�C�W�A�)� �a�n�d� �t�h�e� �R�o�s�e� �H�i�l�l� �S�e�r�v�i�c�e� 

�A�r�e�a�.� �T�h�e� �D�u�n�b�a�r� �D�e�m�a�n�d� �C�e�n�t�e�r� �i�s� �t�h�e� �s�m�a�l�l�e�s�t� �i�n� �t�h�e� �s�u�b�a�r�e�a�,� �s�e�r�v�i�n�g� �t�h�e� 

�c�o�m�m�u�n�i�t�i�e�s� �o�f� �D�u�n�b�a�r� �a�n�d� �R�o�a�r�i�n�g� �F�o�r�k�.� �T�h�e�s�e� �s�e�r�v�i�c�e� �a�r�e�a�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� 

�2�.�4�.� �I�n�d�i�v�i�d�u�a�l� �s�y�s�t�e�m� �d�e�s�c�r�i�p�t�i�o�n�s� �a�r�e� �i�n� �A�p�p�e�n�d�i�x� �B�.� 

�A�p�p�r�o�x�i�m�a�t�e�l�y� �4�2�%� �p�e�r�c�e�n�t� �o�f� �t�h�e� �s�u�b�a�r�e�a� �i�s� �n�o�t� �b�e�i�n�g� �s�e�r�v�e�d� �b�y� �m�u�n�i�c�i�p�a�l� �w�a�t�e�r� 

�s�u�p�p�l�i�e�s�.� �T�h�e�s�e� �a�r�e�a�s� �r�e�l�y� �o�n� �g�r�o�u�n�d� �w�a�t�e�r� �w�e�l�l�s� �a�n�d� �s�p�r�i�n�g�s� �f�o�r� �d�o�m�e�s�t�i�c� �n�e�e�d�s�.� �A� 

�s�m�a�l�l� �p�e�r�c�e�n�t�a�g�e� �u�s�e�s� �s�u�r�f�a�c�e� �s�t�r�e�a�m�s� �a�n�d� �c�i�s�t�e�r�n�s�.� �I�n� �1�9�8�0�,� �t�h�e�r�e� �w�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� 

�1�7�,�0�1�2� �p�e�o�p�l�e� �w�h�o� �o�b�t�a�i�n�e�d� �t�h�e�i�r� �w�a�t�e�r� �s�u�p�p�l�i�e�s� �i�n�d�e�p�e�n�d�e�n�t�l�y� �f�o�r� �d�o�m�e�s�t�i�c� �u�s�e�.� �I�t� �w�a�s� 

�e�s�t�i�m�a�t�e�d� �t�h�a�t� �9�0�%� �o�f� �t�h�i�s� �w�a�t�e�r� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �g�r�o�u�n�d�w�a�t�e�r�,� �7�%� �f�r�o�m� �s�u�r�f�a�c�e� �w�a�t�e�r�,� 

�a�n�d� �3�%� �f�r�o�m� �c�i�s�t�e�r�n�s�.� 

�1�7



�O�f� �a�l�l� �w�a�t�e�r� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �d�e�m�a�n�d� �c�e�n�t�e�r�,� �3�1�%� �i�s� �u�n�a�c�c�o�u�n�t�e�d� �o�r� �l�o�s�t�.� �W�a�t�e�r� 

�l�o�s�s� �i�s� �m�o�s�t�l�y� �c�a�u�s�e�d� �b�y� �i�m�p�r�o�p�e�r�l�y� �i�n�s�t�a�l�l�e�d� �o�r� �p�o�o�r�l�y� �m�a�i�n�t�a�i�n�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s� �i�n� 

�t�h�e� �s�u�b�a�r�e�a�.� �M�o�s�t� �i�n�d�u�s�t�r�i�a�l� �w�a�t�e�r� �u�s�e� �i�n� �t�h�e� �s�u�b�a�r�e�a� �i�s� �b�y� �c�o�a�l� �p�r�o�d�u�c�i�n�g� �o�p�e�r�a�t�i�o�n�s�,� 

�w�h�i�c�h� �o�b�t�a�i�n� �t�h�e�i�r� �w�a�t�e�r� �i�n�d�e�p�e�n�d�e�n�t�l�y� �f�r�o�m� �g�r�o�u�n�d� �w�a�t�e�r� �w�e�l�l�s� �a�n�d� �s�u�r�f�a�c�e� �w�a�t�e�r� 

�s�t�r�e�a�m�s�.� �A�l�t�h�o�u�g�h� �8�4� �p�e�r�c�e�n�t� �o�f� �t�h�e� �s�e�l�f�-�s�u�p�p�l�i�e�d� �i�n�d�u�s�t�r�i�a�l� �d�e�m�a�n�d� �o�c�c�u�r�s� �w�i�t�h�i�n� 

�d�e�m�a�n�d� �c�e�n�t�e�r� �b�o�u�n�d�a�r�i�e�s�,� �t�h�e�y� �h�a�v�e� �c�a�u�s�e�d� �n�o� �t�h�r�e�a�t� �t�o� �c�e�n�t�r�a�l� �w�a�t�e�r� �s�u�p�p�l�i�e�s� �t�o� �d�a�t�e�,� 

�a�n�d� �n�o� �s�h�o�r�t�a�g�e�s� �a�r�e� �p�r�o�j�e�c�t�e�d� �t�o� �b�e� �c�a�u�s�e�d� �b�y� �t�h�e�s�e� �w�i�t�h�d�r�a�w�a�l�s�.� 

�P�r�i�m�a�r�y� �w�a�t�e�r� �s�o�u�r�c�e�s� �f�o�r� �B�i�g� �S�t�o�n�e� �G�a�p� �a�n�d� �P�e�n�n�i�n�g�t�o�n� �G�a�p� �d�e�m�a�n�d� �c�e�n�t�e�r�s� �a�r�e� 

�s�u�r�f�a�c�e� �w�a�t�e�r� �s�u�p�p�l�i�e�s�.� �I�n� �f�a�c�t�,� �7�8� �p�e�r�c�e�n�t� �o�f� �w�a�t�e�r� �u�s�e�d� �i�n� �t�h�e� �s�u�b�a�r�e�a ��s� �d�e�m�a�n�d� �c�e�n�t�e�r�s� 

�i�s� �s�u�r�f�a�c�e� �w�a�t�e�r�.� �G�r�o�u�n�d�w�a�t�e�r� �q�u�a�l�i�t�y� �a�n�d� �q�u�a�n�t�i�t�y� �i�n� �t�h�e� �A�p�p�a�l�a�c�h�i�a�n� �P�l�a�t�e�a�u� �r�e�g�i�o�n� �o�f� 

�t�h�e� �s�u�b�a�r�e�a� �i�s� �g�e�n�e�r�a�l�l�y� �i�n�a�d�e�q�u�a�t�e� �f�o�r� �l�a�r�g�e� �p�u�b�l�i�c� �w�a�t�e�r�w�o�r�k�s� �s�y�s�t�e�m�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� 

�s�o�m�e� �o�f� �t�h�e� �s�m�a�l�l�e�r� �c�o�m�m�u�n�i�t�i�e�s�,� �s�u�c�h� �a�s� �R�o�s�e� �H�i�l�l� �a�n�d� �D�u�n�b�a�r�,� �h�a�v�e� �l�o�w� �w�a�t�e�r� 

�p�r�e�s�s�u�r�e�.� �C�o�m�p�o�u�n�d�e�d� �b�y� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �c�o�s�t� �o�f� �r�e�f�u�r�b�i�s�h�i�n�g� �t�h�e�s�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� 

�s�y�s�t�e�m�s� �i�s� �h�i�g�h�,� �f�e�w� �s�e�r�v�i�c�e� �a�r�e�a�s� �h�a�v�e� �c�a�p�i�t�a�l� �a�v�a�i�l�a�b�l�e� �f�o�r� �i�m�p�r�o�v�e�m�e�n�t�s�.� 

�T�h�e� �l�a�r�g�e�s�t� �w�i�t�h�d�r�a�w�a�l� �i�n� �t�h�e� �s�u�b�a�r�e�a� �i�s� �f�r�o�m� �t�h�e� �B�i�g� �C�h�e�r�r�y� �r�e�s�e�r�v�o�i�r�.� �T�h�e� �l�a�t�t�e�r� 

�i�s� �t�h�e� �s�o�l�e� �w�a�t�e�r� �s�o�u�r�c�e� �f�o�r� �t�h�e� �T�o�w�n� �o�f� �B�i�g� �S�t�o�n�e� �G�a�p�.� �T�w�o� �o�t�h�e�r� �w�a�t�e�r� �s�u�p�p�l�y� 

�r�e�s�e�r�v�o�i�r�s� �i�n� �t�h�e� �s�u�b�a�r�e�a� �c�o�m�p�r�i�s�e� �t�h�e� �p�r�i�m�a�r�y� �w�a�t�e�r� �s�u�p�p�l�i�e�s� �f�o�r� �t�h�e� �T�o�w�n� �o�f� �A�p�p�a�l�a�c�h�i�a� 

�a�n�d� �T�o�w�n� �o�f� �B�i�g� �S�t�o�n�e� �G�a�p�.� �E�a�c�h� �r�e�s�e�r�v�o�i�r� �i�s� �l�o�c�a�t�e�d� �t�o� �t�h�e� �e�a�s�t� �o�f� �i�t�s� �r�e�s�p�e�c�t�i�v�e� �t�o�w�n�.� 

�T�h�e� �B�i�g� �C�h�e�r�r�y� �R�e�s�e�r�v�o�i�r� �i�s� �a�c�t�u�a�l�l�y� �t�w�o� �i�m�p�o�u�n�d�m�e�n�t�s� �i�n� �s�e�r�i�e�s� �w�h�i�c�h� �a�c�t� �a�s� �a� �s�i�n�g�l�e� 

�s�o�u�r�c�e�.� 

�S�u�m�m�a�r�y� �o�f� �W�a�t�e�r� �S�y�s�t�e�m�s� �i�n� �t�h�e� �C�o�a�l�f�i�e�l�d�s� 

�T�a�b�l�e� �2�.�5� �i�d�e�n�t�i�f�i�e�s� �w�a�t�e�r� �s�y�s�t�e�m�s� �h�a�v�i�n�g� �u�n�c�o�n�v�e�n�t�i�o�n�a�l� �s�o�u�r�c�e�s�,� �q�u�a�n�t�i�t�y� �a�n�d� 

�q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s�,� �a�n�d� �h�i�g�h� �w�a�t�e�r� �l�o�s�s�.� �T�h�e�s�e� �s�y�s�t�e�m� �w�o�u�l�d� �p�a�r�t�i�c�u�l�a�r�l�y� �b�e�n�e�f�i�t� �f�r�o�m� 

�i�n�f�o�r�m�a�t�i�o�n� �a�n�d� �a�n�a�l�y�s�e�s� �p�r�o�v�i�d�e�d� �b�y� �t�h�i�s� �p�a�p�e�r�.� �T�h�e� �T�o�w�n� �o�f� �C�o�e�b�u�r�n�,� �i�n� �p�a�r�t�i�c�u�l�a�r�,� 

�c�a�n� �c�o�n�t�r�i�b�u�t�e� �t�o� �f�u�t�u�r�e� �c�a�s�e� �s�t�u�d�i�e�s� �o�f� �i�n�n�o�v�a�t�i�v�e� �w�a�t�e�r� �s�y�s�t�e�m� �s�o�u�r�c�e�s�.� �I�t� �o�p�e�r�a�t�e�s� �a� 

�w�e�l�l� �i�n� �a�n� �a�b�a�n�d�o�n� �m�i�n�e� �s�h�a�f�t�.� 

�Q�u�a�n�t�i�t�y� �w�a�t�e�r� �p�r�o�b�l�e�m�s� �l�i�s�t�e�d� �b�e�l�o�w� �c�o�n�s�i�s�t� �o�f� �w�e�l�l�s� �a�n�d� �r�e�s�e�r�v�o�i�r� �g�o�i�n�g� �d�r�y� 

�d�u�r�i�n�g� �s�u�m�m�e�r� �m�o�n�t�h�s�.� �S�e�r�v�i�c�e� �a�r�e�a�s� �w�i�t�h� �t�h�i�s� �p�r�o�b�l�e�m� �a�r�e� �l�o�o�k�i�n�g� �f�o�r� �m�o�r�e� �r�e�l�i�a�b�l�e� 

�w�a�t�e�r� �s�o�u�r�c�e�s�.� �T�h�e�y� �a�r�e� �a�l�s�o� �v�e�r�y� �c�o�n�c�e�r�n�e�d� �a�b�o�u�t� �k�e�e�p�i�n�g� �w�a�t�e�r� �l�o�s�s� �a�t� �a� �m�i�n�i�m�u�m� �t�o� 
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�m�i�n�i�m�i�z�e� �w�a�t�e�r� �s�h�o�r�t�a�g�e�.� �T�h�e�s�e� �s�e�r�v�i�c�e� �a�r�e�a�s� �m�a�y� �b�e� �s�u�i�t�a�b�l�e� �c�a�n�d�i�d�a�t�e�s� �f�o�r� �w�a�t�e�r� 

�h�a�r�v�e�s�t�i�n�g� �t�e�c�h�n�i�q�u�e�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �n�e�x�t� �c�h�a�p�t�e�r�.� 

�Q�u�a�l�i�t�y� �w�a�t�e�r� �p�r�o�b�l�e�m�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�5� �c�o�m�p�r�i�s�e� �o�f� �h�i�g�h� �i�r�o�n�,� �m�a�n�g�a�n�e�s�e�,� 

�s�o�d�i�u�m�,� �a�n�d� �c�h�l�o�r�i�d�e�s�.� �T�h�e�s�e� �p�r�o�b�l�e�m�s� �c�o�m�p�l�i�c�a�t�e� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �r�e�q�u�i�r�e�m�e�n�t�s� �a�n�d� 

�i�n�c�r�e�a�s�e� �t�r�e�a�t�m�e�n�t� �c�o�s�t�s�.� �S�y�s�t�e�m� �m�a�i�n�t�e�n�a�n�c�e� �c�o�s�t�s� �a�l�s�o� �i�n�c�r�e�a�s�e�s� �a�s� �c�o�n�t�a�m�i�n�a�n�t� �c�a�n� 

�c�a�u�s�e� �c�o�r�r�o�s�i�o�n� �o�f� �e�q�u�i�p�m�e�n�t�.� �A�l�t�h�o�u�g�h� �o�n�l�y� �t�h�o�s�e� �s�e�r�v�i�c�e� �a�r�e�a�s� �w�i�t�h� �s�t�a�t�e�d�,� �h�i�g�h� �w�a�t�e�r� 

�q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s� �a�r�e� �i�d�e�n�t�i�f�i�e�d�,� �o�t�h�e�r� �s�y�s�t�e�m�s� �m�a�y� �h�a�v�e� �s�i�m�i�l�a�r� �c�o�n�t�a�m�i�n�a�t�i�o�n�.� 

�T�r�e�a�t�m�e�n�t� �t�e�c�h�n�o�l�o�g�i�e�s�,� �s�u�i�t�a�b�l�e� �f�o�r� �t�h�e�s�e� �c�o�n�t�a�m�i�n�a�n�t�s�,� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �w�a�t�e�r� �q�u�a�n�t�i�t�y� �a�n�d� �q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s�,� �m�a�n�y� �s�e�r�v�i�c�e� �a�r�e�a�s� �i�n� �t�h�e� 

�c�o�a�l�f�i�e�l�d�s� �e�x�p�e�r�i�e�n�c�e� �h�i�g�h� �w�a�t�e�r� �l�o�s�s�.� �A�l�t�h�o�u�g�h� �s�o�m�e� �s�y�s�t�e�m�s� �h�a�v�e� �i�m�p�r�o�v�e�d� �w�a�t�e�r� �l�o�s�s� 

�s�i�n�c�e� �t�h�e� �1�9�8�0�s�,� �m�a�n�y� �a�r�e� �s�t�i�l�l� �o�p�e�r�a�t�i�n�g� �o�v�e�r� �t�h�e� �r�e�c�o�m�m�e�n�d�e�d� �2�0� �p�e�r�c�e�n�t� �w�a�t�e�r� �l�o�s�s�.� 

�O�l�d�,� �u�n�m�e�t�e�r�e�d� �s�y�s�t�e�m�s� �a�n�d� �t�h�e�f�t� �c�o�n�t�r�i�b�u�t�e� �t�o� �h�i�g�h� �w�a�t�e�r� �u�n�a�c�c�o�u�n�t�a�b�i�l�i�t�y�.� �S�i�n�c�e� �w�a�t�e�r� 

�l�o�s�s� �i�s� �c�o�s�t�l�y� �t�o� �m�a�i�n�t�a�i�n� �a�n�d� �r�e�s�o�l�v�e�,� �s�o�m�e� �s�y�s�t�e�m�s� �h�a�v�e� �n�o� �c�h�o�i�c�e� �b�u�t� �a�c�c�e�p�t� �e�x�i�s�t�i�n�g� 

�o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e�s�e� �s�e�r�v�i�c�e� �a�r�e�a�s� �m�a�y� �e�s�p�e�c�i�a�l�l�y� �b�e�n�e�f�i�t� �f�r�o�m� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� 

�a�n�d� �a�n�a�l�y�s�i�s� �p�r�o�v�i�d�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I� �a�n�d� �C�h�a�p�t�e�r� �I�V�.� 
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�T�a�b�l�e� �2�.�5�:� �R�e�p�o�r�t�e�d� �W�a�t�e�r� �S�y�s�t�e�m� �P�r�o�b�l�e�m�s� 

� � � � 

�W�a�t�e�r� �S�y�s�t�e�m�s� 

�U�n�c�o�n�v�e�n�t�i�o�n�a�l� �W�a�t�e�r� �S�o�u�r�c�e�s� 
�T�o�w�n� �o�f� �C�o�e�b�u�r�n� 

�S�y�s�t�e�m�s� �w�i�t�h� �Q�u�a�n�t�i�t�y� �P�r�o�b�l�e�m�s� 
�T�o�w�n� �o�f� �G�r�u�n�d�y� �(�B�C�P�S�A�)� 
�R�u�s�s�e�l�l� �C�o�u�n�t�y� �W�a�t�e�r� �&� �S�e�w�e�r� �A�u�t�h�.� 
�C�i�t�y� �o�f� �N�o�r�t�o�n� 
�T�C�P�S�A�:� �J�e�w�e�l�l� �R�i�d�g�e� 

�S�y�s�t�e�m�s� �w�i�t�h� �Q�u�a�l�i�t�y� �P�r�o�b�l�e�m�s� 
�T�o�w�n� �o�f� �G�r�u�n�d�y� �(�B�C�P�S�A�)� 
�T�o�w�n� �o�f� �C�o�e�b�u�r�n� 
�T�C�P�S�A�:� �J�e�w�e�l�l� �R�i�d�g�e� 
�T�o�w�n� �o�f� �A�p�p�a�l�a�c�h�i�a� 

�S�y�s�t�e�m�s� �w�i�t�h� �H�i�g�h� �W�a�t�e�r� �L�o�s�s� 
�B�i�g� �C�a�n�e�y� �W�a�t�e�r� �C�o�r�p�o�r�a�t�i�o�n� 
�T�o�w�n� �o�f� �C�l�e�v�e�l�a�n�d� 
�R�u�s�s�e�l�l� �C�o�u�n�t�y� �W�a�t�e�r� �&� �S�e�w�e�r� �A�u�t�h�.� 
�C�i�t�y� �o�f� �N�o�r�t�o�n� 
�W�o�o�d�w�a�y� �W�a�t�e�r� �A�u�t�h�o�r�i�t�y� 
�B�i�g� �S�t�o�n�e� �G�a�p� �S�e�r�v�i�c�e� �A�r�e�a� 
�B�C�P�S�A� 
�T�o�w�n� �o�f� �W�i�s�e� 
�R�o�s�e� �H�i�l�l� �S�e�r�v�i�c�e� �A�r�e�a� 

�S�p�e�c�i�a�l� �N�o�t�e�s� 

� � 

�S�u�p�p�l�e�m�e�n�t� �w�e�l�l� �i�n� �a�b�a�n�d�o�n� �m�i�n�e� �s�h�a�f�t� 

�W�e�l�l� �#�2� �o�f�t�e�n� �g�o�e�s� �d�r�y� 
�G�r�o�u�n�d�w�a�t�e�r� �s�o�u�r�c�e�s� �g�o�e�s� �d�r�y� �d�u�r�i�n�g� �s�u�m�m�e�r� 
�S�u�p�p�l�e�m�e�n�t� �w�e�l�l�s� �u�n�r�e�l�i�a�b�l�e� �d�u�r�i�n�g� �d�r�o�u�g�h�t�s� 
�S�u�r�f�a�c�e� �i�m�p�o�u�n�d�m�e�n�t� �g�o�e�s� �d�r�y� �d�u�r�i�n�g� �s�u�m�m�e�r� 

�W�e�l�l�s� �h�a�v�e� �i�r�o�n�,� �m�a�n�g�a�n�e�s�e�,� �c�h�l�o�r�i�d�e�s� 

�H�i�g�h� �i�r�o�n�,� �m�a�n�g�a�n�e�s�e�,� �&� �s�o�d�i�u�m� �i�n� �s�u�p�p�l�e�m�e�n�t� �w�e�l�l� 
�S�u�p�p�l�e�m�e�n�t� �w�e�l�l� �h�a�s� �h�i�g�h� �i�r�o�n� �&� �m�a�n�g�a�n�e�s�e� 
�E�m�e�r�g�e�n�c�y� �d�e�e�p� �w�e�l�l�s� �h�a�s� �h�i�g�h� �i�r�o�n� �&� �m�a�n�g�a�n�e�s�e� 
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�C�h�a�p�t�e�r� �I�I�I�.� �T�e�c�h�n�i�c�a�l� �O�p�t�i�o�n�s� �f�o�r� �S�m�a�l�l� �D�r�i�n�k�i�n�g� �W�a�t�e�r� �S�y�s�t�e�m�s� �i�n� 
�t�h�e� �C�o�a�l�f�i�e�l�d�s� 

�T�h�i�s� �c�h�a�p�t�e�r� �d�i�s�c�u�s�s�e�s� �t�e�c�h�n�i�c�a�l� �o�p�t�i�o�n�s� �f�o�r� �c�o�n�s�t�r�u�c�t�i�n�g�,� �u�p�g�r�a�d�i�n�g�,� �a�n�d� 

�e�x�t�e�n�d�i�n�g� �s�m�a�l�l� �w�a�t�e�r� �s�y�s�t�e�m�s�.� �T�e�c�h�n�i�c�a�l� �o�p�t�i�o�n�s� �s�e�l�e�c�t�e�d� �f�o�r� �r�e�v�i�e�w� �w�e�r�e� �t�h�o�s�e� �d�e�e�m�e�d� 

�a�p�p�l�i�c�a�b�l�e� �t�o� �t�h�e� �V�i�r�g�i�n�i�a� �c�o�a�l�f�i�e�l�d�s�,� �b�a�s�e�d� �o�n� �t�h�e�i�r� �u�s�e� �i�n� �s�m�a�l�l� �w�a�t�e�r� �s�u�p�p�l�y� �s�y�s�t�e�m�s� �a�n�d� 

�t�h�e�i�r� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �c�o�s�t�s�.� �C�a�p�i�t�a�l� �a�n�d� �o�p�e�r�a�t�i�o�n� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �c�o�s�t�s� �a�r�e� �p�r�o�v�i�d�e�d� 

�w�h�e�r�e� �a�v�a�i�l�a�b�l�e�.� �T�h�e�s�e� �c�o�s�t� �e�s�t�i�m�a�t�e�s� �a�r�e� �u�s�e�d� �i�n� �t�h�e� �c�o�s�t�i�n�g� �a�n�d� �r�a�t�e�-�i�m�p�a�c�t� �s�p�r�e�a�d�s�h�e�e�t� 

�m�e�t�h�o�d�o�l�o�g�y� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �I�V�.� 

�C�h�a�p�t�e�r� �I�I�I� �i�s� �o�r�g�a�n�i�z�e�d� �i�n�t�o� �t�h�r�e�e� �m�a�j�o�r� �s�e�c�t�i�o�n�s�.� �S�e�c�t�i�o�n� �A� �d�e�a�l�s� �w�i�t�h� �r�e�t�e�n�t�i�o�n� 

�s�y�s�t�e�m�s� �f�o�r� �s�u�r�f�a�c�e� �a�n�d� �g�r�o�u�n�d�w�a�t�e�r�.� �S�e�c�t�i�o�n� �B� �d�e�s�c�r�i�b�e�s� �s�u�p�p�l�y�/�d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s� 

�a�n�d� �a�s�s�o�c�i�a�t�e�d� �c�o�m�p�o�n�e�n�t� �c�o�s�t�s�.� �S�e�c�t�i�o�n� �C� �p�r�o�v�i�d�e�s� �a�n� �o�v�e�r�a�l�l� �a�s�s�e�s�s�m�e�n�t� �o�f� �t�r�e�a�t�m�e�n�t� 

�t�e�c�h�n�o�l�o�g�i�e�s� �a�n�d� �a�s�s�o�c�i�a�t�e�d� �c�o�s�t�s�.� 

�A�s� �a�r�a�w� �m�a�t�e�r�i�a�l�,� �w�a�t�e�r� �"�c�i�r�c�u�l�a�t�e�s� �b�e�t�w�e�e�n� �t�h�e� �n�a�t�u�r�a�l� �e�n�v�i�r�o�n�m�e�n�t� �a�n�d� �t�h�e� 

�t�e�c�h�n�o�l�o�g�i�c�a�l� �w�o�r�l�d� �t�h�r�o�u�g�h� �t�h�r�e�e� �p�r�o�c�e�s�s�e�s�:� �s�u�p�p�l�y�,� �i�n�d�u�s�t�r�i�a�l� �a�n�d� �d�o�m�e�s�t�i�c� �u�s�e�,� �a�n�d� 

�t�r�e�a�t�m�e�n�t�"� �(�B�r�d�y�s� �e�t�.� �a�l�.�,� �1�9�9�4�:� �1�)�.� �I�n� �s�t�u�d�y�i�n�g� �w�a�t�e�r� �s�u�p�p�l�y� �s�y�s�t�e�m�s�,� �t�h�e� �f�i�r�s�t� �o�f� �t�h�e�s�e� 

�t�h�r�e�e� �s�t�e�p�s� �s�e�r�v�e�s� �a�s� �t�h�e� �m�a�i�n� �f�o�c�u�s�.� �T�h�a�t� �i�s�,� �w�a�t�e�r� �s�y�s�t�e�m�s� �a�r�e� �t�h�e� �m�e�a�n�s� �b�y� �w�h�i�c�h� �w�a�t�e�r� 

�i�s� �t�r�a�n�s�f�e�r�r�e�d� �f�r�o�m� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �t�o� �p�e�o�p�l�e�.� �T�h�e�s�e� �s�y�s�t�e�m�s� �g�e�n�e�r�a�l�l�y� �a�r�e� �o�f� �t�w�o� �t�y�p�e�s�:� 

�w�a�t�e�r� �r�e�t�e�n�t�i�o�n� �s�y�s�t�e�m�s� �a�n�d� �w�a�t�e�r� �s�u�p�p�l�y�/�d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s�.� 

�I�I�I�.� �A�.� �W�a�t�e�r� �S�o�u�r�c�e�s�/�R�e�t�e�n�t�i�o�n� �S�y�s�t�e�m�s� 

�O�f�t�e�n� �c�o�n�s�i�d�e�r�e�d� �a�s� �p�a�r�t� �o�f� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�,� �w�a�t�e�r� �r�e�t�e�n�t�i�o�n� �s�y�s�t�e�m�s� �f�u�n�c�t�i�o�n� �"�t�o� 

�e�n�s�u�r�e� �t�h�e� �c�o�n�t�i�n�u�i�t�y� �o�f� �w�a�t�e�r� �s�u�p�p�l�i�e�s�,� �i�n� �s�p�i�t�e� �o�f� �s�e�a�s�o�n�a�l� �f�l�u�c�t�u�a�t�i�o�n�s� �i�n� �w�a�t�e�r� 

�a�v�a�i�l�a�b�i�l�i�t�y�,� �a�n�d� �t�o� �p�r�o�t�e�c�t� �a�g�a�i�n�s�t� �[�f�l�o�o�d�s�]�"� �(�B�r�d�y�s� �e�t�.� �a�l�.�,� �1�9�9�4�:� �2�)�.� �R�e�t�e�n�t�i�o�n� �s�y�s�t�e�m�s� 

�a�r�e� �g�e�n�e�r�a�l�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �b�o�t�h� �s�u�r�f�a�c�e� �a�n�d� �u�n�d�e�r�g�r�o�u�n�d� �w�a�t�e�r� �s�o�u�r�c�e�s�.� 

�G�r�o�u�n�d�w�a�t�e�r� �S�o�u�r�c�e�s� 

�G�r�o�u�n�d�w�a�t�e�r� �i�s� �f�o�u�n�d� �i�n� �t�h�e� �z�o�n�e� �o�f� �s�a�t�u�r�a�t�i�o�n�.� �T�h�i�s� �i�s� �t�h�e� �l�e�v�e�l�,� �b�e�l�o�w� �t�h�e� 

�e�a�r�t�h ��s� �s�u�r�f�a�c�e�,� �a�t� �w�h�i�c�h� �a�l�l� �o�f� �t�h�e� �o�p�e�n�i�n�g�s� �o�r� �v�o�i�d�s� �o�f� �t�h�e� �e�a�r�t�h ��s� �m�a�t�e�r�i�a�l�s� �a�r�e� �f�i�l�l�e�d� 

�w�i�t�h� �w�a�t�e�r�.� �T�h�i�s� �z�o�n�e� �i�s� �r�e�p�l�e�n�i�s�h�e�d� �b�y� �i�n�f�i�l�t�r�a�t�i�o�n� �o�f� �p�r�e�c�i�p�i�t�a�t�i�o�n� �d�r�a�i�n�i�n�g� �d�o�w�n�w�a�r�d� 

�2�1



�f�r�o�m� �t�h�e� �e�a�r�t�h ��s� �s�u�r�f�a�c�e�.� �A�s� �a� �s�o�u�r�c�e� �o�f� �g�r�o�u�n�d�w�a�t�e�r�,� �a� �s�p�r�i�n�g� �i�s� �a�n� �o�p�e�n�i�n�g� �f�r�o�m� �w�h�i�c�h� 

�g�r�o�u�n�d�w�a�t�e�r� �f�l�o�w�s�.� �I�n� �c�o�a�l� �p�r�o�d�u�c�i�n�g� �a�r�e�a�s�,� �s�u�c�h� �a�s� �t�h�e� �V�i�r�g�i�n�i�a� �c�o�a�l�f�i�e�l�d�s�,� �g�r�o�u�n�d�w�a�t�e�r� 

�c�a�n� �b�e� �f�o�u�n�d� �i�n� �c�o�a�l� �s�e�a�m�s�.� �T�h�e� �l�a�t�t�e�r� �c�o�n�s�i�s�t� �o�f� �s�e�v�e�r�a�l� �i�n�d�i�v�i�d�u�a�l� �c�o�a�l� �b�e�d�s� �s�e�p�a�r�a�t�e�d� 

�b�y� �t�h�i�n� �i�n�o�r�g�a�n�i�c� �l�a�y�e�r�s� �(�H�a�r�l�o�w� �e�t�.� �a�l�.�,� �1�9�9�1�:� �5�)�.� �W�e�l�l�s� �a�r�e� �u�s�e�d� �t�o� �e�x�t�r�a�c�t� �w�a�t�e�r� �f�r�o�m� 

�t�h�e�s�e� �u�n�c�o�n�v�e�n�t�i�o�n�a�l� �g�r�o�u�n�d�w�a�t�e�r� �r�e�s�e�r�v�o�i�r�s� �a�s� �w�e�l�l� �a�s� �c�o�n�v�e�n�t�i�o�n�a�l� �o�n�e�s�.� 

�E�x�t�r�a�c�t�i�n�g� �G�r�o�u�n�d�w�a�t�e�r� 

�T�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �g�r�o�u�n�d�w�a�t�e�r� �f�a�l�l�s� �i�n�t�o� �t�w�o� �c�a�t�e�g�o�r�i�e�s�:� �d�e�v�e�l�o�p�m�e�n�t� �b�y� �w�e�l�l�s� 

�a�n�d� �d�e�v�e�l�o�p�m�e�n�t� �f�r�o�m� �s�p�r�i�n�g�s�.� �T�w�o� �b�a�s�i�c� �t�y�p�e�s� �o�f� �w�e�l�l�s� �i�n�c�l�u�d�e� �n�o�n�a�r�t�e�s�i�a�n� �a�n�d� 

�a�r�t�e�s�i�a�n�.� �T�h�e� �t�w�o� �g�e�n�e�r�a�l� �t�y�p�e�s� �o�f� �s�p�r�i�n�g�s� �c�o�n�s�i�s�t� �o�f� �g�r�a�v�i�t�y� �a�n�d� �a�r�t�e�s�i�a�n�.� 

�N�o�n�a�r�t�e�s�i�a�n� �w�e�l�l�s� �a�r�e� �t�h�o�s�e� �t�h�a�t� �p�e�n�e�t�r�a�t�e� �f�o�r�m�a�t�i�o�n�s� �i�n� �w�h�i�c�h� �g�r�o�u�n�d�w�a�t�e�r� �i�s� 

�f�o�u�n�d� �u�n�d�e�r� �w�a�t�e�r�-�t�a�b�l�e� �c�o�n�d�i�t�i�o�n�s�.� �W�a�t�e�r� �i�s� �p�u�m�p�e�d� �f�r�o�m� �w�e�l�l�s� �v�i�a� �a�r�t�i�f�i�c�i�a�l�l�y� �c�r�e�a�t�e�d� 

�p�r�e�s�s�u�r�e�s� �t�h�a�t� �l�o�w�e�r�s� �t�h�e� �w�a�t�e�r� �t�a�b�l�e� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �w�e�l�l�,� �c�r�e�a�t�i�n�g� �a� �c�o�n�e� �o�f� 

�d�e�p�r�e�s�s�i�o�n�.� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �a�r�t�e�s�i�a�n� �w�e�l�l�s� �p�e�n�e�t�r�a�t�e� �a�q�u�i�f�e�r�s� �i�n� �w�h�i�c�h� �t�h�e� �g�r�o�u�n�d�w�a�t�e�r� �i�s� 

�f�o�u�n�d� �u�n�d�e�r� �h�y�d�r�o�s�t�a�t�i�c� �p�r�e�s�s�u�r�e�.� �S�u�c�h� �a� �c�o�n�d�i�t�i�o�n� �o�c�c�u�r�s� �i�n� �a�n� �a�q�u�i�f�e�r� �t�h�a�t� �i�s� �c�o�n�f�i�n�e�d� 

�b�e�n�e�a�t�h� �a�n� �i�m�p�e�r�m�e�a�b�l�e� �l�a�y�e�r� �o�f� �m�a�t�e�r�i�a�l� �a�t� �a�n� �e�l�e�v�a�t�i�o�n� �l�o�w�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �i�n�t�a�k�e� �o�r� 

�r�e�c�h�a�r�g�e� �a�r�e�a� �o�f� �t�h�e� �a�q�u�i�f�e�r�.� �(�E�P�A�-�5�7�0�/�9�-�8�2�-�0�0�4�,� �1�9�8�2�:� �2�6�)�.� 

�G�r�a�v�i�t�y� �s�p�r�i�n�g�s� �o�c�c�u�r� �w�h�e�r�e� �w�a�t�e�r� �p�e�r�c�o�l�a�t�i�n�g� �l�a�t�e�r�a�l�l�y� �t�h�r�o�u�g�h� �p�e�r�m�e�a�b�l�e� 

�m�a�t�e�r�i�a�l�,� �o�v�e�r�l�y�i�n�g� �a�n� �i�m�p�e�r�m�e�a�b�l�e� �l�a�y�e�r�,� �c�o�m�e�s� �t�o� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e�y� �a�l�s�o� �o�c�c�u�r� �w�h�e�r�e� 

�t�h�e� �w�a�t�e�r� �t�a�b�l�e� �i�n�t�e�r�s�e�c�t�s� �t�h�e� �l�a�n�d� �s�u�r�f�a�c�e�.� �B�e�i�n�g� �s�e�n�s�i�t�i�v�e� �t�o� �s�e�a�s�o�n�a�l� �f�l�u�c�t�u�a�t�i�o�n�s� �a�n�d� 

�t�y�p�i�c�a�l�l�y� �l�o�w�-�d�i�s�c�h�a�r�g�e� �s�o�u�r�c�e�s�,� �g�r�a�v�i�t�y� �s�p�r�i�n�g�s� �c�a�n� �b�e� �s�u�i�t�a�b�l�e� �f�o�r� �i�n�d�i�v�i�d�u�a�l� �w�a�t�e�r� 

�s�u�p�p�l�y� �s�y�s�t�e�m� �w�h�e�n� �p�r�o�p�e�r�l�y� �d�e�v�e�l�o�p�e�d�.� 

�A�r�t�e�s�i�a�n� �s�p�r�i�n�g�s� �o�r� �f�l�o�w�i�n�g� �a�r�t�e�s�i�a�n� �w�e�l�l�s� �d�i�s�c�h�a�r�g�e� �f�r�o�m� �a�r�t�e�s�i�a�n� �a�q�u�i�f�e�r�s� 

�w�i�t�h�o�u�t� �a� �p�u�m�p�.� �T�h�e�y� �m�a�y� �o�c�c�u�r� �w�h�e�r�e� �t�h�e� �c�o�n�f�i�n�i�n�g� �f�o�r�m�a�t�i�o�n� �o�v�e�r� �t�h�e� �a�r�t�e�s�i�a�n� �a�q�u�i�f�e�r� 

�i�s� �r�u�p�t�u�r�e�d� �b�y� �a� �f�a�u�l�t� �o�r� �w�h�e�r�e� �t�h�e� �a�q�u�i�f�e�r� �d�i�s�c�h�a�r�g�e�s� �t�o� �a� �l�o�w�e�r� �t�o�p�o�g�r�a�p�h�i�c� �a�r�e�a�.� 

�A�l�t�h�o�u�g�h� �m�o�r�e� �d�e�p�e�n�d�a�b�l�e� �t�h�e�n� �g�r�a�v�i�t�y� �s�p�r�i�n�g�s�,� �t�h�e�y� �a�r�e� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �p�u�m�p�i�n�g� �o�f� 

�w�e�l�l�s� �i�n� �t�h�e� �s�a�m�e� �a�q�u�i�f�e�r�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �p�u�m�p�i�n�g� �c�a�n� �c�a�u�s�e� �a�r�t�e�s�i�a�n� �s�p�r�i�n�g�s� �t�o� �s�t�o�p� 

�f�l�o�w�i�n�g�.� 

�2�2



�W�e�l�l� �T�e�c�h�n�o�l�o�g�i�e�s� 

�D�u�g� �w�e�l�l�s� �a�r�e� �u�s�u�a�l�l�y� �c�o�n�s�t�r�u�c�t�e�d� �b�y� �h�a�n�d� �d�o�w�n� �t�o� �a� �s�h�a�l�l�o�w� �w�a�t�e�r� �t�a�b�l�e�.� �T�h�e�y� 

�c�a�n� �b�e� �l�i�n�e�d� �w�i�t�h� �b�r�i�c�k�,� �s�t�o�n�e�,� �o�r� �c�o�n�c�r�e�t�e�.� �B�e�c�a�u�s�e� �t�h�e�y� �a�r�e� �c�l�o�s�e� �t�o� �t�h�e� �s�u�r�f�a�c�e�,� �t�h�e�y� �a�r�e� 

�m�o�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �p�r�o�t�e�c�t� �f�r�o�m� �c�o�n�t�a�m�i�n�a�t�i�o�n�;� �t�h�u�s�,� �t�h�e�y� �a�r�e� �o�n�l�y� �s�u�i�t�a�b�l�e� �f�o�r� �i�n�d�i�v�i�d�u�a�l� 

�w�a�t�e�r� �s�y�s�t�e�m�s� �i�n� �a�r�e�a�s� �w�i�t�h� �l�o�w� �r�i�s�k� �o�f� �w�a�t�e�r� �c�o�n�t�a�m�i�n�a�t�i�o�n�.� �B�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �s�h�a�l�l�o�w� 

�p�e�n�e�t�r�a�t�i�o�n� �i�n�t�o� �t�h�e� �z�o�n�e� �o�f� �s�a�t�u�r�a�t�i�o�n�,� �d�u�g� �w�e�l�l�s� �a�r�e� �a�l�s�o� �m�o�r�e� �p�r�o�n�e� �t�o� �f�a�i�l�u�r�e� �i�n� �t�i�m�e�s� 

�o�f� �d�r�o�u�g�h�t�.� 

�B�o�r�e�d� �w�e�l�l�s� �a�r�e� �u�s�u�a�l�l�y� �c�o�n�s�t�r�u�c�t�e�d� �w�i�t�h� �e�a�r�t�h� �a�u�g�e�r�s� �t�u�r�n�e�d� �b�y� �h�a�n�d� �o�r� �p�o�w�e�r� 

�e�q�u�i�p�m�e�n�t�.� �T�h�e�y� �e�x�t�e�n�d� �d�e�e�p�e�r� �t�h�a�n� �d�u�g� �w�e�l�l�s�,� �b�u�t� �u�s�u�a�l�l�y� �t�o� �d�e�p�t�h�s� �o�f� �l�e�s�s� �t�h�a�n� �1�0�0� �f�e�e�t� 

�i�n�t�o� �t�h�e� �w�a�t�e�r�-�b�e�a�r�i�n�g� �f�o�r�m�a�t�i�o�n�.� �G�e�n�e�r�a�l�l�y�,� �t�h�e�y� �h�a�v�e� �t�h�e� �s�a�m�e� �b�a�s�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 

�d�u�g� �w�e�l�l�s�.� 

�D�r�i�v�e�n� �w�e�l�l�s�,� �i�n� �c�o�n�t�r�a�s�t�,� �a�r�e� �c�o�n�s�t�r�u�c�t�e�d� �b�y� �d�r�i�v�i�n�g� �a� �d�r�i�v�e�-�w�e�l�l� �p�o�i�n�t�,� �f�i�t�t�e�d� �t�o� 

�t�h�e� �e�n�d� �o�f� �a� �s�e�r�i�e�s� �o�f� �p�i�p�e� �s�e�c�t�i�o�n�s�,� �i�n�t�o� �t�h�e� �g�r�o�u�n�d�.� �D�r�i�v�e� �p�o�i�n�t�s� �a�r�e� �u�s�u�a�l�l�y� �1�.�2�5� �o�r� �2� 

�i�n�c�h�e�s� �i�n� �d�i�a�m�e�t�e�r�.� �T�h�e� �w�e�l�l� �i�s� �d�r�i�v�e�n� �w�i�t�h� �t�h�e� �a�i�d� �o�f� �a� �m�a�u�l� �o�r� �a� �s�p�e�c�i�a�l� �d�r�i�v�e� �w�e�i�g�h�t�.� 

�D�e�e�p�e�r� �w�e�l�l�s� �a�r�e� �c�o�n�s�t�r�u�c�t�e�d� �b�y� �d�r�i�v�i�n�g� �w�e�l�l� �p�o�i�n�t�s� �i�n�t�o� �w�a�t�e�r�-�b�e�a�r�i�n�g� �s�t�r�a�t�a� �f�r�o�m� �t�h�e� 

�b�o�t�t�o�m� �o�f� �a� �d�u�g� �o�r� �b�o�r�e�d� �w�e�l�l�.� �D�r�i�v�e�n� �w�e�l�l�s� �a�r�e� �t�h�e� �s�i�m�p�l�e�s�t� �a�n�d� �l�e�a�s�t� �e�x�p�e�n�s�i�v�e� �o�f� �a�l�l� 

�d�r�i�v�e�n� �w�e�l�l�s�.� 

�J�e�t�t�e�d� �w�e�l�l�s� �e�m�p�l�o�y� �a� �r�a�p�i�d� �a�n�d� �e�f�f�i�c�i�e�n�t� �m�e�t�h�o�d� �o�f� �s�i�n�k�i�n�g� �w�e�l�l� �p�o�i�n�t�s�.� �A�l�s�o� 

�c�a�l�l�e�d� �w�a�s�h�i�n�g�-�i�n�,� �t�h�e� �j�e�t�t�i�n�g� �p�r�o�c�e�s�s� �r�e�q�u�i�r�e�s� �a� �s�o�u�r�c�e� �o�f� �w�a�t�e�r� �a�n�d� �a� �p�r�e�s�s�u�r�e� �p�u�m�p�.� 

�T�h�e� �j�e�t�t�i�n�g� �l�o�o�s�e�n�s� �e�a�r�t�h� �m�a�t�e�r�i�a�l� �a�s� �w�a�t�e�r� �i�s� �f�o�r�c�e�d� �d�o�w�n� �u�n�d�e�r� �p�r�e�s�s�u�r�e�.� �T�h�e� �w�e�l�l� �p�o�i�n�t� 

�a�n�d� �p�i�p�e� �a�r�e� �t�h�e�n� �l�o�w�e�r�e�d� �a�s� �m�a�t�e�r�i�a�l� �i�s� �l�o�o�s�e�n�e�d�.� 

�D�r�i�l�l�e�d� �w�e�l�l�s� �a�r�e� �c�o�n�s�t�r�u�c�t�e�d� �b�y� �t�h�e� �p�e�r�c�u�s�s�i�o�n� �a�n�d� �r�o�t�a�r�y� �h�y�d�r�a�u�l�i�c� �d�r�i�l�l�i�n�g�.� 

�P�e�r�c�u�s�s�i�o�n� �d�r�i�l�l�i�n�g� �e�m�p�l�o�y�s� �a� �c�a�b�l�e� �t�o�o�l� �t�h�a�t� �r�a�i�s�e�s� �a�n�d� �d�r�o�p�s� �a� �h�e�a�v�y� �d�r�i�l�l� �b�i�t� �a�n�d� �s�t�e�m�.� 

�T�h�e� �i�m�p�a�c�t� �o�f� �t�h�e� �b�i�t� �c�r�u�s�h�e�s� �a�n�d� �d�i�s�l�o�d�g�e�s� �p�i�e�c�e�s� �o�f� �e�a�r�t�h� �f�o�r�m�a�t�i�o�n�s�.� �R�o�t�a�r�y� �h�y�d�r�a�u�l�i�c� 

�d�r�i�l�l�i�n�g� �i�n�v�o�l�v�e�s� �a� �d�e�r�r�i�c�k� �a�n�d� �h�o�i�s�t�,� �a� �r�e�v�o�l�v�i�n�g� �t�a�b�l�e� �t�h�r�o�u�g�h� �w�h�i�c�h� �t�h�e� �d�r�i�l�l� �p�i�p�e� �p�a�s�s�e�s�,� 

�a� �s�e�r�i�e�s� �o�f� �d�r�i�l�l�-�p�i�p�e� �s�e�c�t�i�o�n�s�,� �a� �c�u�t�t�i�n�g� �b�i�t� �a�t� �t�h�e� �l�o�w�e�r� �e�n�d� �o�f� �t�h�e� �d�r�i�l�l� �p�i�p�e�,� �a� �p�u�m�p� �f�o�r� 

�c�i�r�c�u�l�a�t�i�o�n� �d�r�i�l�l�i�n�g� �f�l�u�i�d�,� �a�n�d� �a� �p�o�w�e�r� �s�o�u�r�c�e� �t�o� �d�r�i�v�e� �t�h�e� �d�r�i�l�l� �(�E�P�A�-�5�7�0�/�9�-�8�2�-�0�0�4�,� �1�9�8�2�:� 

�4�1�)�.� 

�2�3



�D�e�v�e�l�o�p�m�e�n�t� �o�f� �S�p�r�i�n�g�s� 

�T�w�o� �g�e�n�e�r�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� �a�r�e� �n�e�c�e�s�s�a�r�y� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �s�p�r�i�n�g�s� �f�o�r� 

�d�o�m�e�s�t�i�c� �w�a�t�e�r� �u�s�e�.� �F�i�r�s�t�,� �t�h�e� �s�e�l�e�c�t�e�d� �s�p�r�i�n�g� �m�u�s�t� �h�a�v�e� �a�d�e�q�u�a�t�e� �c�a�p�a�c�i�t�y� �t�o� �p�r�o�v�i�d�e� �t�h�e� 

�r�e�q�u�i�r�e�d� �q�u�a�n�t�i�t�y� �o�f� �w�a�t�e�r� �n�e�e�d�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �y�e�a�r�.� �S�e�c�o�n�d�,� �t�h�e� �s�p�r�i�n�g ��s� �w�a�t�e�r� �q�u�a�l�i�t�y� 

�m�u�s�t� �b�e� �p�r�o�t�e�c�t�e�d�.� 

�W�a�t�e�r� �q�u�a�l�i�t�y� �i�s� �a� �s�p�e�c�i�a�l� �c�o�n�c�e�r�n� �s�i�n�c�e� �s�p�r�i�n�g�s� �u�s�u�a�l�l�y� �b�e�c�o�m�e� �c�o�n�t�a�m�i�n�a�t�e�d� 

�w�h�e�n� �b�a�r�n�y�a�r�d�s�,� �s�e�w�e�r�s�,� �s�e�p�t�i�c� �t�a�n�k�s�,� �c�e�s�s�p�o�o�l�s�,� �o�r� �o�t�h�e�r� �s�o�u�r�c�e�s� �o�f� �p�o�l�l�u�t�i�o�n� �a�r�e� �l�o�c�a�t�e�d� 

�o�n� �h�i�g�h�e�r� �a�d�j�a�c�e�n�t� �l�a�n�d�.� �C�o�n�t�a�m�i�n�a�t�e�d� �m�a�t�e�r�i�a�l� �i�n� �l�i�m�e�s�t�o�n�e� �f�o�r�m�a�t�i�o�n�s� �a�l�s�o� �f�r�e�q�u�e�n�t�l�y� 

�e�n�t�e�r�s� �t�h�e� �w�a�t�e�r�-�b�e�a�r�i�n�g� �c�h�a�n�n�e�l�s� �t�h�r�o�u�g�h� �s�i�n�k� �h�o�l�e�s� �o�r� �o�t�h�e�r� �l�a�r�g�e� �o�p�e�n�i�n�g�s�.� �T�h�e�s�e� 

�c�o�n�t�a�m�i�n�a�n�t�s� �m�a�y� �b�e� �c�a�r�r�i�e�d� �w�i�t�h� �g�r�o�u�n�d�w�a�t�e�r� �f�o�r� �l�o�n�g� �d�i�s�t�a�n�c�e�s� �b�e�f�o�r�e� �r�e�a�c�h�i�n�g� �a� 

�s�p�r�i�n�g�.� 

�I�n� �t�e�r�m�s� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n�,� �a� �s�p�r�i�n�g� �e�n�c�a�s�e�m�e�n�t� �i�s� �u�s�e�d�.� �A� �s�p�r�i�n�g� �e�n�c�a�s�e�m�e�n�t� �i�s� �a�n� 

�o�p�e�n�-�b�o�t�t�o�m�,� �w�a�t�e�r�t�i�g�h�t� �b�a�s�i�n�.� �I�t� �i�n�t�e�r�c�e�p�t�s� �s�o�u�r�c�e� �w�a�t�e�r� �b�y� �a�n� �e�x�t�e�n�s�i�o�n� �t�o� �b�e�d�r�o�c�k� �o�r� 

�v�i�a� �a� �s�y�s�t�e�m� �o�f� �c�o�l�l�e�c�t�i�o�n� �p�i�p�e�s� �a�n�d� �a� �s�t�o�r�a�g�e� �t�a�n�k�.� �I�t� �h�a�s� �a� �c�o�v�e�r� �t�h�a�t� �p�r�e�v�e�n�t�s� �s�u�r�f�a�c�e� 

�d�r�a�i�n�a�g�e� �o�r� �d�e�b�r�i�s� �f�r�o�m� �e�n�t�e�r�i�n�g� �t�h�e� �s�t�o�r�a�g�e� �t�a�n�k�.� �P�r�o�v�i�s�i�o�n�s� �f�o�r� �o�v�e�r�f�l�o�w� �a�n�d� �t�h�e� 

�e�m�p�t�y�i�n�g� �o�f� �t�h�e� �t�a�n�k� �c�o�n�t�e�n�t�s� �a�r�e� �a�l�s�o� �r�e�q�u�i�r�e�d�.� �T�h�e� �e�n�c�a�s�e�m�e�n�t� �i�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m� �o�r� �a�u�x�i�l�i�a�r�y� �s�u�p�p�l�y�.� 

�S�u�r�f�a�c�e� �W�a�t�e�r� �S�o�u�r�c�e�s� 

�S�u�r�f�a�c�e� �w�a�t�e�r� �o�r�i�g�i�n�a�t�e�s� �f�r�o�m� �p�r�e�c�i�p�i�t�a�t�i�o�n� �t�h�a�t� �d�o�e�s� �n�o�t� �e�n�t�e�r� �t�h�e� �g�r�o�u�n�d� �t�h�r�o�u�g�h� 

�i�n�f�i�l�t�r�a�t�i�o�n� �n�o�r� �r�e�t�u�r�n� �t�o� �t�h�e� �a�t�m�o�s�p�h�e�r�e� �b�y� �e�v�a�p�o�r�a�t�i�o�n�.� �C�o�n�v�e�n�t�i�o�n�a�l� �s�u�r�f�a�c�e� �w�a�t�e�r� 

�s�o�u�r�c�e�s� �c�o�n�s�i�s�t� �o�f� �r�i�v�e�r�s�,� �s�t�r�e�a�m�s�,� �a�n�d� �n�a�t�u�r�a�l� �r�e�s�e�r�v�o�i�r�s� �s�u�c�h� �a�s� �l�a�k�e�s� �a�n�d� �p�o�n�d�s�.� �S�i�n�c�e� 

�g�r�o�u�n�d�w�a�t�e�r� �b�e�c�o�m�e�s� �s�u�r�f�a�c�e� �w�a�t�e�r� �a�t� �s�p�r�i�n�g�s�,� �t�h�e� �l�a�t�t�e�r� �i�s� �a�l�s�o� �a� �s�o�u�r�c�e� �o�f� �s�u�r�f�a�c�e� �w�a�t�e�r�.� 

�I�n� �f�a�c�t�,� �a� �s�p�r�i�n�g� �c�a�n� �b�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� �s�u�r�f�a�c�e� �o�r� �g�r�o�u�n�d�w�a�t�e�r�,� �d�e�p�e�n�d�i�n�g� �o�n� �w�h�e�r�e� �i�t� �i�s� 

�t�a�p�p�e�d�.� �A�r�t�i�f�i�c�i�a�l� �r�e�s�e�r�v�o�i�r�s� �a�r�e� �a�l�s�o� �s�o�u�r�c�e�s� �o�f� �s�u�r�f�a�c�e� �w�a�t�e�r�.� �U�n�c�o�n�v�e�n�t�i�o�n�a�l� �s�u�r�f�a�c�e� 

�w�a�t�e�r� �s�o�u�r�c�e�s� �i�n�c�l�u�d�e� �c�i�s�t�e�r�n�s� �f�o�r� �h�a�u�l�e�d� �w�a�t�e�r� �a�n�d� �h�a�r�v�e�s�t�e�d� �r�a�i�n� �w�a�t�e�r�.� 

�S�u�r�f�a�c�e� �W�a�t�e�r� �S�o�u�r�c�e� �D�e�v�e�l�o�p�m�e�n�t� 

�C�o�n�v�e�n�t�i�o�n�a�l� �s�u�r�f�a�c�e� �w�a�t�e�r�,� �s�u�c�h� �a�s� �r�i�v�e�r�s�,� �l�a�k�e�s�,� �p�o�n�d�s�,� �a�r�t�i�f�i�c�i�a�l� �r�e�s�e�r�v�o�i�r�s�,� 

�e�m�p�l�o�y� �r�e�l�a�t�i�v�e�l�y� �s�i�m�p�l�e� �e�x�t�r�a�c�t�i�o�n� �t�e�c�h�n�o�l�o�g�i�e�s�.� �T�h�e� �l�a�t�t�e�r� �c�o�n�s�i�s�t� �o�f� �p�u�m�p�s�,� �p�i�p�e�s�,� 

�v�a�l�v�e�s� �a�n�d� �a�n� �i�n�t�a�k�e� �p�o�i�n�t�.� �T�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n� �f�o�r� �t�h�e�s�e� �c�o�m�p�o�n�e�n�t�s� �v�a�r�i�e�s� �d�e�p�e�n�d�i�n�g� �o�n� 

�2�4



�v�o�l�u�m�e�,� �e�l�e�v�a�t�i�o�n�,� �c�l�i�m�a�t�e� �o�f� �t�h�e� �r�e�g�i�o�n�,� �a�n�d� �q�u�a�l�i�t�y� �o�f� �t�h�e� �w�a�t�e�r�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� 

�i�n�t�a�k�e� �p�o�i�n�t� �o�f� �a� �l�a�k�e� �m�a�y� �h�a�v�e� �t�h�i�n�n�e�r� �s�c�r�e�e�n�i�n�g� �o�r� �i�n�i�t�i�a�l� �f�i�l�t�e�r�i�n�g� �r�e�q�u�i�r�e�m�e�n�t�s� �t�h�a�n� �t�h�a�t� 

�o�f� �a�r�i�v�e�r�.� �I�n�a� �p�o�n�d�,� �a� �f�l�e�x�i�b�l�e� �p�i�p�e� �m�a�y� �b�e� �n�e�e�d�e�d� �t�o� �r�a�i�s�e� �t�h�e� �i�n�t�a�k�e� �p�o�i�n�t� �t�o� �a� �d�e�s�i�r�e�d� 

�1�2 �� �t�o� �1�8 �� �b�e�l�o�w� �t�h�e� �w�a�t�e�r� �s�u�r�f�a�c�e�.� �I�n� �a�r�e�a�s� �w�i�t�h� �s�l�o�p�e�s�,� �g�r�a�v�i�t�y� �c�a�n� �a�l�s�o� �b�e� �a� �s�o�u�r�c�e� �o�f� 

�f�l�o�w� �p�o�w�e�r�.� 

�W�a�t�e�r� �H�a�r�v�e�s�t�i�n�g� 

�H�a�r�v�e�s�t�i�n�g� �o�f� �r�a�i�n� �w�a�t�e�r� �i�s� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �a�n�d� �u�n�c�o�n�v�e�n�t�i�o�n�a�l� �w�a�t�e�r� �s�u�p�p�l�y� �s�o�u�r�c�e�.� 

�I�t� �i�s� �t�h�e� �d�e�l�i�b�e�r�a�t�e� �c�o�l�l�e�c�t�i�o�n� �a�n�d� �s�t�o�r�a�g�e� �o�f� �r�a�i�n�w�a�t�e�r� �f�r�o�m� �a� �s�u�r�f�a�c�e� �c�a�t�c�h�m�e�n�t� �t�o� �p�r�o�v�i�d�e� 

�a� �s�u�p�p�l�y� �o�f� �w�a�t�e�r�.� �W�a�t�e�r� �h�a�r�v�e�s�t�i�n�g�,� �h�o�w�e�v�e�r�,� �i�s� �d�i�s�t�i�n�c�t� �f�r�o�m� �t�h�e� �p�r�o�c�e�s�s� �o�f� �c�o�n�t�r�o�l�l�i�n�g� 

�a�n�d� �s�t�o�r�i�n�g� �n�a�t�u�r�a�l� �r�u�n�o�f�f� �o�f� �w�a�t�e�r�,� �i�n�t�o� �p�e�r�e�n�n�i�a�l� �r�i�v�e�r�s�,� �i�n� �d�a�m�s� �a�n�d� �r�e�s�e�r�v�o�i�r�s�.� �T�h�e� 

�h�a�r�v�e�s�t�i�n�g� �o�f� �r�a�i�n�w�a�t�e�r� �a�n�d� �s�t�o�r�m� �r�u�n�o�f�f� �h�e�l�p�s� �m�i�t�i�g�a�t�e� �t�h�e� �p�r�o�b�l�e�m� �o�f� �w�a�t�e�r� �s�t�o�r�a�g�e� 

�d�u�r�i�n�g� �d�r�y� �s�e�a�s�o�n�s� �i�n� �a�r�e�a�s� �w�h�e�r�e� �r�a�i�n�f�a�l�l� �i�s� �h�e�a�v�y� �f�o�r� �s�o�m�e� �m�o�n�t�h�s� �o�f� �t�h�e� �y�e�a�r� �a�n�d� �l�i�g�h�t� 

�f�o�r� �t�h�e� �r�e�s�t�.� �W�a�t�e�r� �h�a�r�v�e�s�t�e�d� �d�u�r�i�n�g� �w�e�t� �m�o�n�t�h�s� �c�a�n� �b�e� �s�t�o�r�e�d� �a�n�d� �u�s�e�d� �d�u�r�i�n�g� �d�r�y� 

�m�o�n�t�h�s�.� 

�R�a�i�n�w�a�t�e�r� �h�a�r�v�e�s�t�i�n�g� �w�a�s� �u�s�e�d� �e�x�t�e�n�s�i�v�e�l�y� �i�n� �a�n�c�i�e�n�t� �E�u�r�o�p�e�.� �T�h�e�s�e� �t�e�c�h�n�i�q�u�e�s� 

�d�a�t�e� �b�a�c�k� �t�o� �p�r�e�h�i�s�t�o�r�i�c� �t�i�m�e�s�.� �S�o�p�h�i�s�t�i�c�a�t�e�d� �e�x�a�m�p�l�e�s� �o�f� �r�a�i�n� �h�a�r�v�e�s�t�i�n�g� �h�a�v�e� �b�e�e�n� 

�f�o�u�n�d� �i�n� �t�h�e� �r�u�i�n�s� �o�f� �t�h�e� �p�a�l�a�c�e� �o�f� �K�n�o�s�s�o�s� �(�1�7�0�0� �B�C�)�,� �t�h�e� �c�e�n�t�e�r� �o�f� �M�i�n�o�a�n� �C�r�e�t�e� 

�(�U�N�E�P�,� �1�9�8�3�:� �5�)�.� �W�a�t�e�r� �h�a�r�v�e�s�t�i�n�g� �w�a�s� �a� �s�u�f�f�i�c�i�e�n�t� �w�a�t�e�r� �s�o�u�r�c�e� �s�i�n�c�e� �t�h�e� �a�m�o�u�n�t� �o�f� 

�d�r�i�n�k�i�n�g�,� �c�o�o�k�i�n�g�,� �a�n�d� �w�a�s�h�i�n�g� �w�a�t�e�r� �c�o�n�s�u�m�p�t�i�o�n� �i�n� �a�n�c�i�e�n�t� �E�u�r�o�p�e�a�n� �c�i�v�i�l�i�z�a�t�i�o�n�s� �w�a�s� 

�r�e�l�a�t�i�v�e�l�y� �l�o�w�.� �A�s� �a� �r�e�s�u�l�t�,� �a�r�e�a�s� �f�o�r� �c�o�l�l�e�c�t�i�n�g� �w�a�t�e�r� �t�h�r�o�u�g�h� �r�a�i�n� �h�a�r�v�e�s�t�i�n�g� �w�e�r�e� 

�i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �h�o�u�s�e� �d�e�s�i�g�n�s�,� �f�o�r� �e�x�a�m�p�l�e�,� �r�o�o�f�s� �a�n�d� �p�a�v�e�d� �c�o�u�r�t�s� �(�U�N�E�P�,� �1�9�8�3�:� �3�)�.� 

�C�i�s�t�e�r�n�s� �o�r� �b�a�s�i�n�s� �w�e�r�e� �a�l�s�o� �c�o�n�s�t�r�u�c�t�e�d� �t�o� �s�t�o�r�e� �w�a�t�e�r�.� �A�s� �c�o�m�m�u�n�i�t�y� �s�i�z�e� �i�n�c�r�e�a�s�e�d�,� 

�r�a�i�n� �h�a�r�v�e�s�t�i�n�g� �l�o�s�t� �i�t�s� �i�m�p�o�r�t�a�n�c�e� �b�e�c�a�u�s�e� �w�a�t�e�r� �d�e�m�a�n�d� �w�a�s� �m�u�c�h� �h�i�g�h�e�r� �t�h�a�n� �c�o�u�l�d� �b�e� 

�p�r�o�v�i�d�e�d� �f�o�r� �b�y� �s�u�c�h� �a� �s�i�m�p�l�e� �m�e�t�h�o�d�.� �I�t� �i�s�,� �h�o�w�e�v�e�r�,� �s�t�i�l�l� �b�e�i�n�g� �u�s�e�d� �i�n� �s�m�a�l�l�e�r� 

�c�o�m�m�u�n�i�t�i�e�s� �t�o� �s�u�p�p�l�e�m�e�n�t� �e�x�i�s�t�i�n�g� �w�a�t�e�r� �s�o�u�r�c�e�s� �(�U�N�E�P�,� �1�9�8�3�:� �8�)�.� �I�n� �f�a�c�t�,� �r�a�i�n� 

�h�a�r�v�e�s�t�i�n�g� �i�s� �u�s�e�d� �i�n� �a�r�e�a�s� �w�h�e�r�e� �o�n�l�y� �h�i�g�h�l�y� �m�i�n�e�r�a�l�i�z�e�d� �g�r�o�u�n�d�w�a�t�e�r� �i�s� �a�v�a�i�l�a�b�l�e� �f�o�r� 

�d�o�m�e�s�t�i�c� �u�s�e�.� �S�i�n�c�e� �t�h�e� �h�i�g�h� �s�a�l�t� �c�o�n�t�e�n�t� �o�f� �t�h�e� �g�r�o�u�n�d�w�a�t�e�r� �i�s� �u�n�d�e�s�i�r�a�b�l�e� �f�o�r� �c�e�r�t�a�i�n� 

�f�u�n�c�t�i�o�n�s�,� �c�o�l�l�e�c�t�e�d� �r�a�i�n�w�a�t�e�r� �i�s� �u�s�e�d� �f�o�r� �w�a�s�h�i�n�g� �a�n�d� �c�o�o�k�i�n�g� �i�n� �t�h�e�s�e� �a�r�e�a�s�.� 

�2�5



�F�u�r�t�h�e�r�m�o�r�e�,� �i�n�c�r�e�a�s�e�d� �i�n�t�e�r�e�s�t� �i�n� �w�a�t�e�r� �h�a�r�v�e�s�t�i�n�g� �o�c�c�u�r�s� �i�n� �a�r�e�a�s�,� �s�u�c�h� �a�s� �t�h�e� �U�.�S�.� 

�s�o�u�t�h�w�e�s�t� �o�r� �w�h�e�r�e� �r�a�i�n�f�a�l�l� �i�s� �p�l�e�n�t�i�f�u�l�,� �w�h�e�r�e� �s�u�r�f�a�c�e� �a�n�d� �g�r�o�u�n�d�w�a�t�e�r� �a�r�e� �u�n�r�e�l�i�a�b�l�e�.� 

�T�e�c�h�n�i�q�u�e�s� �o�f� �H�a�r�v�e�s�t�i�n�g� �W�a�t�e�r� 

�R�a�i�n� �a�n�d� �s�t�o�r�m�w�a�t�e�r� �c�a�n� �b�e� �h�a�r�v�e�s�t�e�d� �b�y� �c�o�n�t�o�u�r� �t�e�r�r�a�c�i�n�g�,� �s�i�l�t� �t�r�a�p�s�,� �c�h�e�c�k� �d�a�m�s�,� 

�a�n�d� �c�a�n�a�l�s�.� �C�o�m�m�o�n�l�y� �d�e�s�i�g�n� �o�n� �a� �l�a�r�g�e� �s�c�a�l�e�,� �t�h�e�s�e� �m�e�t�h�o�d�s� �a�r�e� �t�y�p�i�c�a�l�l�y� �u�s�e�d� �i�n� 

�t�r�o�p�i�c�a�l� �c�o�u�n�t�r�i�e�s�.� �S�m�a�l�l� �e�a�r�t�h�e�n� �d�a�m�s�,� �c�a�l�l�e�d� �b�u�n�d�s�,� �a�r�e� �a�l�s�o� �u�s�e�d� �i�n� �s�o�u�t�h� �I�n�d�i�a� �a�n�d� �S�r�i� 

�L�a�n�k�a�.� �B�e�i�n�g� �a� �v�e�r�y� �o�l�d� �t�e�c�h�n�i�q�u�e�,� �w�a�t�e�r� �h�a�r�v�e�s�t�i�n�g� �v�i�a� �b�u�n�d�s� �i�s� �t�h�e� �p�r�a�c�t�i�c�e� �o�f� �p�u�t�t�i�n�g� 

�s�m�a�l�l� �e�a�r�t�h�e�n� �d�a�m�s� �a�c�r�o�s�s� �l�o�c�a�l� �s�t�r�e�a�m�s� �t�o� �c�o�l�l�e�c�t� �r�a�i�n�w�a�t�e�r� �r�u�n�n�i�n�g� �o�f�f� �t�h�e� �n�e�i�g�h�b�o�r�i�n�g� 

�r�e�g�i�o�n� �(�U�N�E�P�,� �1�9�8�3�:� �1�4�9�)�.� �B�u�n�d�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �b�u�i�l�t� �w�i�t�h� �h�u�m�a�n� �a�n�d� �a�n�i�m�a�l� �p�o�w�e�r�.� 

�T�h�e�y� �c�a�n� �s�u�p�p�l�y� �b�o�t�h� �d�o�m�e�s�t�i�c� �a�n�d� �a�g�r�i�c�u�l�t�u�r�a�l� �w�a�t�e�r� �n�e�e�d�s�.� �W�a�t�e�r� �c�a�n� �a�l�s�o� �b�e� �h�a�r�v�e�s�t�e�d� 

�b�y� �h�a�f�f�i�r�s�.� �T�h�e� �l�a�t�t�e�r� �a�r�e� �e�s�s�e�n�t�i�a�l�l�y� �e�x�c�a�v�a�t�i�o�n�s� �m�a�d�e� �a�t� �t�h�e� �b�o�t�t�o�m� �o�f� �n�a�t�u�r�a�l� 

�c�a�t�c�h�m�e�n�t�s�.� �C�o�m�m�o�n�l�y� �f�o�u�n�d� �i�n� �t�h�e� �M�i�d�d�l�e� �E�a�s�t� �a�n�d� �w�e�s�t�e�r�n� �I�n�d�i�a�,� �h�a�f�f�i�r� �w�a�t�e�r� �i�s� �u�s�e�d� 

�m�a�i�n�l�y� �f�o�r� �l�i�v�e�s�t�o�c�k� �.� �I�n� �a�r�i�d� �a�n�d� �s�e�m�i�-�a�r�i�d� �c�l�i�m�a�t�e�s�,� �w�a�t�e�r� �c�a�n� �b�e� �h�a�r�v�e�s�t�e�d� �f�r�o�m� �d�e�w�,� 

�m�i�s�t�,� �a�n�d� �s�n�o�w�.� �O�f� �a�l�l� �t�e�c�h�n�i�q�u�e�s�,� �w�a�t�e�r� �h�a�r�v�e�s�t�i�n�g� �f�r�o�m� �r�o�o�f�s� �m�a�y� �b�e� �m�o�s�t� �a�p�p�l�i�c�a�b�l�e� �t�o� 

�t�h�e� �V�i�r�g�i�n�i�a� �c�o�a�l�f�i�e�l�d�s�.� 

�W�a�t�e�r� �H�a�r�v�e�s�t�i�n�g� �f�r�o�m� �R�o�o�f�s� 

�T�h�e� �u�s�e� �o�f� �r�o�o�f�s� �f�o�r� �w�a�t�e�r� �c�o�l�l�e�c�t�i�o�n� �i�s� �w�i�d�e�l�y� �p�r�a�c�t�i�c�e�d� �i�n� �t�r�o�p�i�c�a�l� �a�r�e�a�s� �(�U�N�E�P�,� 

�1�9�8�3�:� �2�7�)�.� �R�a�i�n�w�a�t�e�r� �h�a�r�v�e�s�t�i�n�g� �f�r�o�m� �r�o�o�f�t�o�p�s� �i�s� �c�u�r�r�e�n�t�l�y� �w�i�d�e�l�y� �u�s�e�d� �i�n� �A�f�r�i�c�a� �a�n�d� 

�I�s�r�a�e�l�.� �E�v�e�n� �i�n� �a�r�e�a�s� �w�i�t�h� �l�o�w� �p�e�r� �c�a�p�i�t�a� �s�u�r�f�a�c�e� �w�a�t�e�r� �f�l�o�w�,� �f�o�r� �e�x�a�m�p�l�e� �i�n� �p�a�r�t�s� �o�f� 

�R�a�j�a�s�t�h�a�n� �i�n� �I�n�d�i�a�,� �r�o�o�f� �w�a�t�e�r� �h�a�r�v�e�s�t�i�n�g� �i�s� �p�r�a�c�t�i�c�e�d�.� 

�C�o�r�r�u�g�a�t�e�d� �g�a�l�v�a�n�i�z�e�d� �i�r�o�n� �r�o�o�f�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �h�a�r�v�e�s�t� �w�a�t�e�r� �i�n� �m�a�n�y� �h�u�m�i�d� 

�a�n�d� �s�u�b�-�h�u�m�i�d� �r�e�g�i�o�n�s�.� �W�h�e�n� �e�m�p�l�o�y�e�d� �w�i�t�h� �g�u�t�t�e�r�s�,� �t�h�e�s�e� �r�o�o�f�s� �a�r�e� �r�e�l�a�t�i�v�e�l�y� 

�i�n�e�x�p�e�n�s�i�v�e� �a�n�d� �h�a�v�e� �l�o�w� �m�a�i�n�t�e�n�a�n�c�e� �c�o�s�t�s� �(�U�N�E�P�,� �1�9�8�3�:� �2�7�)�.� �S�i�m�i�l�a�r�l�y�,� �t�i�l�e� �r�o�o�f�s� �a�r�e� 

�i�n�e�x�p�e�n�s�i�v�e� �a�n�d� �d�u�r�a�b�l�e�.� �T�h�e�y� �a�l�s�o� �m�a�k�e� �l�e�s�s� �n�o�i�s�e� �d�u�r�i�n�g� �r�a�i�n� �p�e�r�i�o�d�s� �t�h�a�n� �i�r�o�n� �s�h�e�e�t�s�.� 

�S�i�n�c�e� �t�i�l�e� �r�o�o�f�s� �a�r�e� �h�e�a�v�i�e�r�,� �t�h�e�y� �r�e�q�u�i�r�e� �s�t�r�o�n�g�e�r� �s�u�p�p�o�r�t�i�n�g� �f�r�a�m�e�s�.� 

�A�f�t�e�r� �t�h�e� �c�o�l�l�e�c�t�e�d� �w�a�t�e�r� �i�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �s�a�n�d� �a�n�d� �g�r�a�v�e�l�,� �i�t� �c�a�n� �b�e� �s�t�o�r�e�d� �a�b�o�v�e� 

�o�r� �u�n�d�e�r�g�r�o�u�n�d�.� �U�n�d�e�r�g�r�o�u�n�d� �c�i�s�t�e�r�n�s� �a�r�e� �t�y�p�i�c�a�l�l�y� �c�o�o�l�e�r�,� �l�e�s�s� �e�x�p�e�n�s�i�v�e� �t�o� �c�o�n�s�t�r�u�c�t�,� 

�a�n�d� �s�p�a�t�i�a�l�l�y� �u�n�o�b�t�r�u�s�i�v�e�.� �S�t�o�r�a�g�e� �c�o�n�t�a�i�n�e�r�s� �a�r�e� �c�o�v�e�r�e�d� �t�o� �p�r�e�v�e�n�t� �c�o�n�t�a�m�i�n�a�t�i�o�n� �f�r�o�m� 

�d�u�s�t�,� �h�u�m�a�n� �a�n�d� �a�n�i�m�a�l�s�,� �a�l�g�a�l� �g�r�o�w�t�h�,� �a�n�d� �b�r�e�e�d�i�n�g� �o�f� �m�o�s�q�u�i�t�o� �l�a�r�v�a�e�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� 
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�h�e�a�l�t�h� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�,� �c�o�v�e�r�e�d� �s�t�o�r�a�g�e� �i�s� �r�e�c�o�m�m�e�n�d�e�d� �t�o� �p�r�e�v�e�n�t� �w�a�t�e�r� �l�o�s�s� �t�h�r�o�u�g�h� 

�e�v�a�p�o�r�a�t�i�o�n�.� �C�i�s�t�e�r�n�s� �s�h�o�u�l�d� �a�l�s�o� �b�e� �l�o�c�a�t�e�d� �u�n�d�e�r� �s�h�a�d�e� �t�o� �k�e�e�p� �w�a�t�e�r� �c�o�o�l� �a�n�d� �p�r�e�v�e�n�t� 

�e�v�a�p�o�r�a�t�i�o�n�.� 

�A�b�o�v�e� �a�n�d� �u�n�d�e�r�g�r�o�u�n�d� �c�i�s�t�e�r�n�s� �c�a�n� �b�e� �c�o�n�s�t�r�u�c�t�e�d� �w�i�t�h� �c�e�m�e�n�t�,� �b�r�i�c�k� �c�e�m�e�n�t�e�d� 

�w�i�t�h� �a� �w�a�t�e�r�p�r�o�o�f� �m�o�r�t�a�r�,� �r�o�c�k�s�,� �c�l�a�y�,� �o�r� �i�r�o�n�.� �T�h�e� �c�h�o�i�c�e� �o�f� �m�a�t�e�r�i�a�l� �d�e�p�e�n�d�s� �o�n� �t�h�e� 

�a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �c�o�s�t�s� �o�f� �m�a�t�e�r�i�a�l�s� �i�n� �a� �p�a�r�t�i�c�u�l�a�r� �r�e�g�i�o�n�.� �R�e�i�n�f�o�r�c�e�d� �c�e�m�e�n�t� �i�s� 

�r�e�c�o�m�m�e�n�d�e�d� �f�o�r� �u�n�d�e�r�g�r�o�u�n�d� �c�i�s�t�e�r�n�s�.� �T�h�i�s� �m�a�t�e�r�i�a�l� �p�r�o�v�i�d�e�s� �d�u�r�a�b�l�e� �a�n�d� �p�o�t�e�n�t�i�a�l�l�y� 

�l�a�r�g�e� �c�i�s�t�e�r�n�s�.� �I�n� �A�u�s�t�r�a�l�i�a�,� �t�h�e� �m�o�s�t� �c�o�m�m�o�n� �s�i�z�e� �c�i�s�t�e�r�n� �o�f� �t�h�i�s� �t�y�p�e� �h�a�s� �a� �v�o�l�u�m�e� 

�1�0�0�,�0�0�0� �l�i�t�e�r�s�.� �W�h�e�n� �e�q�u�i�p�p�e�d� �w�i�t�h� �s�a�n�d� �f�i�l�t�e�r�s�,� �s�e�t�t�l�i�n�g� �t�a�n�k�s�,� �a�n�d� �h�a�n�d� �o�r� �p�o�w�e�r�e�d� 

�p�u�m�p�s�,� �c�e�m�e�n�t� �r�e�i�n�f�o�r�c�e�d� �c�i�s�t�e�r�n�s� �c�a�n� �b�e� �i�n�d�e�p�e�n�d�e�n�t�,� �l�o�n�g�-�t�e�r�m� �w�a�t�e�r� �s�t�o�r�a�g�e� �f�a�c�i�l�i�t�i�e�s� 

�f�o�r� �i�n�d�i�v�i�d�u�a�l� �w�a�t�e�r� �s�y�s�t�e�m�s�.� 

�I�I�I�.� �B�.� �W�a�t�e�r� �S�o�u�r�c�e� �P�r�o�t�e�c�t�i�o�n� 

�A�l�l� �w�a�t�e�r� �s�o�u�r�c�e�s� �c�a�n� �b�e� �e�a�s�i�l�y� �c�o�n�t�a�m�i�n�a�t�e�d�.� �W�h�i�l�e� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �i�s� �n�e�c�e�s�s�a�r�y� 

�i�n� �m�o�s�t� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�y�s�t�e�m�s�,� �w�a�t�e�r� �s�o�u�r�c�e� �p�r�o�t�e�c�t�i�o�n� �c�a�n� �r�e�d�u�c�e� �t�r�e�a�t�m�e�n�t� �n�e�e�d�s�.� 

�S�o�u�r�c�e� �p�r�o�t�e�c�t�i�o�n� �c�o�n�s�i�s�t�s� �o�f� �p�r�e�v�e�n�t�a�t�i�v�e� �s�t�r�a�t�e�g�i�e�s� �t�h�a�t� �p�r�o�t�e�c�t� �s�u�r�f�a�c�e� �a�n�d� �g�r�o�u�n�d�w�a�t�e�r� 

�f�r�o�m� �p�o�l�l�u�t�i�o�n�.� �I�t� �r�e�d�u�c�e�s� �t�h�r�e�a�t�s� �t�o� �i�m�p�o�r�t�a�n�t� �w�a�t�e�r� �r�e�s�o�u�r�c�e�s�,� �t�h�u�s�,� �l�o�w�e�r�s� �f�u�t�u�r�e� �c�o�s�t�s� 

�o�f� �r�e�m�o�v�i�n�g� �p�o�l�l�u�t�a�n�t�s�.� �T�a�b�l�e� �3�.�1� �l�i�s�t�s� �s�o�u�r�c�e� �p�r�o�t�e�c�t�i�o�n� �s�t�r�a�t�e�g�i�e�s� �a�p�p�l�i�c�a�b�l�e� �t�o� �t�h�e� 

�V�i�r�g�i�n�i�a� �c�o�a�l�f�i�e�l�d�s�.� 

�T�a�b�l�e� �3�.�1�:� �W�a�t�e�r� �S�o�u�r�c�e� �P�r�o�t�e�c�t�i�o�n� �S�t�r�a�t�e�g�i�e�s� 

� � 

�P�r�e�s�e�r�v�e� �R�i�p�a�r�i�a�n� �A�r�e�a�s� 
�F�e�n�c�e� �S�t�r�e�a�m� �B�a�n�k�s� 
�C�h�e�c�k� �s�e�p�t�i�c� �s�y�s�t�e�m� 

�M�i�n�i�m�i�z�e� �F�e�r�t�i�l�i�z�e�r� �a�n�d� �P�e�s�t�i�c�i�d�e� �U�s�e� 
�D�i�s�p�o�s�e� �o�f� �W�a�s�t�e�s� �S�a�f�e�l�y� 

�B�u�f�f�e�r�s� �a�n�d� �S�e�t�b�a�c�k� �i�n� �Z�o�n�i�n�g� 
�B�e�s�t� �M�a�n�a�g�e�m�e�n�t� �P�r�a�c�t�i�c�e�s� � � � � � � 

�S�o�u�r�c�e�:� �D�e�r�i�v�e�d� �f�r�o�m� �W�e�i�g�m�a�n�n� �e�t�.� �a�l�.�,� �1�9�9�3�:� �1�3�-�1�4� �a�n�d� �L�o�w�e�r� �J�a�m�e�s� �R�i�v�e�r� �A�s�s�o�c�i�a�t�i�o�n�,� �1�9�9�1�:� �6�1�-�6�2�,� �6�9�-� 

�7�0�.� 
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�O�n�e� �m�e�t�h�o�d� �o�f� �e�n�s�u�r�i�n�g� �g�o�o�d� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�s� �t�o� �p�r�e�s�e�r�v�e� �r�i�p�a�r�i�a�n� �a�r�e�a�s�.� �T�h�i�s� �i�s� 

�a�c�h�i�e�v�e�d� �b�y� �c�r�e�a�t�i�n�g� �a�n�d� �p�r�o�t�e�c�t�i�n�g� �b�u�f�f�e�r� �z�o�n�e�s� �a�l�o�n�g� �r�i�p�a�r�i�a�n� �a�r�e�a�s�.� �N�o�t� �o�n�l�y� �d�o� �t�r�e�e�s�,� 

�g�r�a�s�s�e�s�,� �a�n�d� �s�h�r�u�b�s� �a�l�o�n�g� �r�i�p�a�r�i�a�n� �a�r�e�a�s� �p�r�o�v�i�d�e� �s�h�a�d�e�,� �c�o�o�l� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �s�h�e�l�t�e�r� �f�o�r� 

�f�i�s�h� �a�n�d� �w�i�l�d�l�i�f�e�,� �v�e�g�e�t�a�t�i�o�n� �h�e�l�p�s� �p�r�e�v�e�n�t� �p�o�l�l�u�t�a�n�t�s� �f�r�o�m� �e�n�t�e�r�i�n�g� �s�u�r�f�a�c�e� �w�a�t�e�r�.� �T�h�a�t� 

�i�s�,� �r�o�o�t�s� �o�f� �g�r�a�s�s�e�s�,� �w�i�l�d�f�l�o�w�e�r�s�,� �a�n�d� �s�h�r�u�b�s� �b�i�n�d� �t�h�e� �s�o�i�l� �t�o� �b�a�n�k�s�,� �s�l�o�w� �s�t�o�r�m� �r�u�n�o�f�f�,� �a�n�d� 

�p�r�e�v�e�n�t� �e�r�o�s�i�o�n� �a�n�d� �s�e�d�i�m�e�n�t�a�t�i�o�n�.� �T�h�e�y� �a�l�s�o� �a�c�t� �a�s� �a� �n�a�t�u�r�a�l� �f�i�l�t�e�r� �f�o�r� �h�a�r�m�f�u�l� �n�u�t�r�i�e�n�t�s�,� 

�s�e�d�i�m�e�n�t�s�,� �a�n�d� �p�e�s�t�i�c�i�d�e�s� �b�e�f�o�r�e� �t�h�e�y� �e�n�t�e�r� �t�h�e� �w�a�t�e�r�.� 

�A�n�o�t�h�e�r� �m�e�t�h�o�d� �o�f� �p�r�o�t�e�c�t�i�n�g� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�s� �t�o� �f�e�n�c�e� �s�t�r�e�a�m� �b�a�n�k�s�.� �I�n� �a�d�d�i�t�i�o�n� 

�t�o� �p�r�o�m�o�t�i�n�g� �b�e�t�t�e�r� �l�i�v�e�s�t�o�c�k� �m�a�n�a�g�e�m�e�n�t�,� �f�e�n�c�i�n�g� �l�i�m�i�t�s� �a�c�c�e�s�s� �b�y� �l�i�v�e�s�t�o�c�k� �t�o� �s�p�r�i�n�g�s� 

�a�n�d� �s�t�r�e�a�m�s� �(�W�e�i�g�m�a�n�n� �e�t�.� �a�l�.�,� �1�9�9�3�:� �1�3�)�.� �F�e�n�c�i�n�g� �r�e�d�u�c�e�s� �e�r�o�s�i�o�n� �a�n�d� �o�t�h�e�r� �d�a�m�a�g�e� �t�o� 

�s�u�r�f�a�c�e� �w�a�t�e�r� �f�r�o�m� �l�i�v�e�s�t�o�c�k�.� �B�y� �l�i�m�i�t�i�n�g� �l�i�v�e�s�t�o�c�k� �a�c�c�e�s�s� �t�o� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�o�u�r�c�e�s�,� 

�w�a�t�e�r�b�o�r�n�e� �d�i�s�e�a�s�e�s�,� �c�o�m�m�o�n� �w�h�e�r�e� �l�i�v�e�s�t�o�c�k� �d�r�i�n�k� �a�n�d� �d�e�f�e�c�a�t�e�,� �c�a�n� �b�e� �m�i�n�i�m�i�z�e�d�.� 

�P�r�o�p�e�r� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �s�e�p�t�i�c� �s�y�s�t�e�m�s� �a�l�s�o� �r�e�d�u�c�e�s� �p�o�l�l�u�t�a�n�t�s� �f�r�o�m� �e�n�t�e�r�i�n�g� 

�d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�o�u�r�c�e�s�.� �I�t� �i�s� �i�m�p�o�r�t�a�n�t� �f�o�r� �l�a�n�d�o�w�n�e�r�s� �t�o� �k�n�o�w� �t�h�a�t�  ��t�h�e� �l�i�f�e� �o�f� �a� �s�e�p�t�i�c� 

�d�r�a�i�n� �f�i�e�l�d� �a�v�e�r�a�g�e�s� �1�0� �t�o� �2�0� �y�e�a�r�s�,� �a�f�t�e�r� �w�h�i�c�h� �t�h�e� �s�o�i�l ��s� �c�a�p�a�c�i�t�y� �t�o� �f�i�l�t�e�r� �a�n�d� �r�e�m�o�v�e� 

�i�m�p�u�r�i�t�i�e�s� �i�s� �r�e�d�u�c�e�d� �(�W�e�i�g�m�a�n�n� �e�t�.� �a�l�.�,� �1�9�9�3�:� �1�3�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� �a� �s�e�p�t�i�c� �t�a�n�k� �s�h�o�u�l�d� �b�e� 

�p�u�m�p�e�d� �o�u�t� �e�v�e�r�y� �3� �t�o� �5� �y�e�a�r�s� �t�o� �r�e�m�o�v�e� �s�o�l�i�d�s� �a�n�d� �p�r�e�v�e�n�t� �o�v�e�r�f�l�o�w�s�.� �P�o�i�s�o�n�o�u�s� 

�c�h�e�m�i�c�a�l�s�,� �s�u�c�h� �a�s� �p�e�s�t�i�c�i�d�e�s� �a�n�d� �m�e�t�a�l� �s�o�l�v�e�n�t�s�,� �s�h�o�u�l�d� �n�o�t� �b�e� �p�o�u�r�e�d� �i�n�t�o� �a� �s�e�p�t�i�c� 

�s�y�s�t�e�m� �s�i�n�c�e� �t�h�e�y� �c�a�n� �k�i�l�l� �t�h�e� �b�a�c�t�e�r�i�a� �t�h�a�t� �h�e�l�p� �d�e�t�o�x�i�f�y� �a�n�d� �d�e�c�o�m�p�o�s�e� �w�a�s�t�e�s� 

�(�W�e�i�g�m�a�n�n� �e�t�.� �a�l�.�,� �1�9�9�3�:� �1�3�)�.� �F�i�n�a�l�l�y�,� �p�r�o�p�e�r� �s�i�t�i�n�g�,� �d�e�s�i�g�n�,� �a�n�d� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �s�e�p�t�i�c� 

�s�y�s�t�e�m�s� �c�a�n� �m�i�n�i�m�i�z�e� �a�d�v�e�r�s�e� �i�m�p�a�c�t�s� �o�n� �n�e�a�r�b�y� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�o�u�r�c�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� 

 ��t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �a�n� �o�n�-�s�i�t�e� �s�e�p�t�i�c� �s�y�s�t�e�m� �a�n�d� �a� �s�p�r�i�n�g� �i�s� �2�0�0� �f�e�e�t� �i�f� �t�h�e� 

�s�e�p�t�i�c� �s�y�s�t�e�m� �i�s� �u�p�s�l�o�p�e� �o�r� �a�b�o�v�e� �t�h�e� �s�p�r�i�n�g�,� �a�n�d� �1�0�0� �f�e�e�t� �i�f� �t�h�e� �s�e�p�t�i�c� �s�y�s�t�e�m�s� �i�s� �b�e�l�o�w� 

�t�h�e� �s�p�r�i�n�g �� �(�W�e�i�g�m�a�n�n� �e�t�.� �a�l�.�,� �1�9�9�3�:� �1�3�)�.� 

�R�e�d�u�c�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �n�i�t�r�o�g�e�n� �a�n�d� �p�h�o�s�p�h�o�r�u�s� �f�e�r�t�i�l�i�z�e�r�s� �o�n� �f�a�r�m� �l�a�n�d�,� 

�g�a�r�d�e�n�s�,� �a�n�d� �l�a�w�n�s� �c�a�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �s�p�r�i�n�g�s�,� �s�t�r�e�a�m�s�,� �a�n�d� 

�g�r�o�u�n�d�w�a�t�e�r�.� �I�n�i�t�i�a�l�l�y�,� �t�h�e� �s�o�i�l� �c�a�n� �b�e� �t�e�s�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �a�m�o�u�n�t� �a�n�d� 

�t�y�p�e� �o�f� �f�e�r�t�i�l�i�z�e�r� �n�e�e�d�e�d�,� �w�h�i�c�h� �s�a�v�e�s� �m�o�n�e�y� �p�r�o�t�e�c�t�s� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �O�f� �c�o�u�r�s�e� �s�a�f�e� �a�n�d� 

�e�f�f�e�c�t�i�v�e� �u�s�e� �o�f� �f�e�r�t�i�l�i�z�e�r� �a�l�s�o� �p�r�o�t�e�c�t� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �F�o�r� �e�x�a�m�p�l�e�,� �f�e�r�t�i�l�i�z�e�r� �s�h�o�u�l�d� �n�o�t� �b�e� 
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�a�p�p�l�i�e�d� �n�e�a�r� �w�a�t�e�r� �s�o�u�r�c�e�s�,� �o�n� �s�t�e�e�p� �s�l�o�p�e�s�,� �d�u�r�i�n�g� �r�a�i�n�y� �w�e�a�t�h�e�r�,� �o�r� �w�h�e�n� �t�h�e� �g�r�o�u�n�d� �i�s� 

�f�r�o�z�e�n�.� �F�u�r�t�h�e�r�m�o�r�e�,� �f�e�r�t�i�l�i�z�e�r� �s�t�o�r�a�g�e� �s�h�o�u�l�d� �b�e� �s�i�t�e�d� �a�w�a�y� �f�r�o�m� �w�a�t�e�r� �s�o�u�r�c�e�s�.� �F�i�n�a�l�l�y�,� 

�w�a�t�e�r� �p�o�l�l�u�t�i�o�n� �c�a�n� �b�e� �m�i�n�i�m�i�z�e�d� �b�y� �u�s�i�n�g� �l�e�s�s� �t�o�x�i�c� �c�h�e�m�i�c�a�l�s� �t�h�a�t� �a�r�e� �r�e�a�d�i�l�y� 

�d�e�g�r�a�d�a�b�l�e� �a�n�d� �r�e�l�y�i�n�g� �l�e�s�s� �o�n� �f�e�r�t�i�l�i�z�e�r�s�.� �E�x�a�m�p�l�e� �o�f� �a�l�t�e�r�n�a�t�i�v�e�s� �t�o� �f�e�r�t�i�l�i�z�e�r�s� �i�n�c�l�u�d�e� 

 ��t�h�e� �u�s�e� �o�f� �b�i�o�l�o�g�i�c�a�l� �c�o�n�t�r�o�l� �(�n�a�t�u�r�a�l� �p�e�s�t� �p�r�e�d�a�t�o�r�s� �a�n�d� �c�o�m�p�e�t�i�t�o�r�s�)�,� �c�u�l�t�u�r�i�n�g� �p�r�a�c�t�i�c�e�s� 

�(�t�y�p�e�s� �o�f� �p�l�a�n�t�i�n�g� �a�n�d� �t�i�l�l�a�g�e�)�,� �a�n�d� �g�e�n�e�t�i�c� �m�a�n�i�p�u�l�a�t�i�o�n� �(�p�e�s�t�-�r�e�s�i�s�t�a�n�t� �c�r�o�p� �v�a�r�i�e�t�i�e�s�) �� 

�(�W�e�i�g�m�a�n�n� �e�t�.� �a�l�.�,� �1�9�9�3�:� �1�4�)�.� �T�h�e� �U�.�S�.� �F�i�s�h� �a�n�d� �W�i�l�d�l�i�f�e� �S�e�r�v�i�c�e� �s�p�o�n�s�o�r�e�d� �a� �t�h�r�e�e�-� 

�v�o�l�u�m�e�,� �p�e�s�t� �m�a�n�a�g�e�m�e�n�t� �g�u�i�d�e� �s�e�r�i�e�s� �t�h�a�t� �a�r�e� �a�v�a�i�l�a�b�l�e� �u�p�o�n� �r�e�q�u�e�s�t�.� 

�T�h�e� �p�r�o�p�e�r� �d�i�s�p�o�s�a�l� �o�f� �w�a�s�t�e�s� �c�a�n� �a�l�s�o� �p�r�o�t�e�c�t� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �I�n�i�t�i�a�l�l�y�,� �t�h�e� 

�s�e�l�e�c�t�i�o�n� �o�f� �c�o�m�m�o�n� �h�o�m�e� �a�n�d� �f�a�r�m� �c�h�e�m�i�c�a�l�s� �s�h�o�u�l�d� �b�e� �a�i�m�e�d� �a�t� �t�h�o�s�e� �w�i�t�h� �m�i�n�i�m�a�l� 

�h�a�r�m� �t�o� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�.� �E�x�a�m�p�l�e�s� �o�f� �c�o�m�m�o�n� �c�h�e�m�i�c�a�l�s� �t�h�a�t� �a�r�e� �h�a�r�m�f�u�l� �t�o� �w�a�t�e�r� �a�n�d� 

�f�i�s�h� �i�n�c�l�u�d�e� �s�o�l�v�e�n�t�s�,� �c�l�e�a�n�i�n�g� �a�g�e�n�t�s�,� �d�r�a�i�n� �o�p�e�n�e�r�s�,� �p�a�i�n�t�s�,� �m�o�t�o�r� �o�i�l�,� �p�e�s�t�i�c�i�d�e�s�,� 

�f�e�r�t�i�l�i�z�e�r�s�,� �a�n�d� �b�a�t�t�e�r�y� �a�c�i�d�s� �(�W�e�i�g�m�a�n�n� �e�t�.� �a�l�.�,� �1�9�9�3�:� �1�4�)�.� �T�h�e�s�e� �p�r�o�d�u�c�t�s� �r�e�q�u�i�r�e� �p�r�o�p�e�r� 

�d�i�s�p�o�s�a�l�.� �G�e�n�e�r�a�l� �w�a�s�t�e� �d�i�s�p�o�s�a�l� �h�a�b�i�t�s� �c�a�n� �a�l�s�o� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�f�f�e�c�t� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �S�i�n�c�e� 

�s�i�n�k�h�o�l�e�s� �a�r�e� �d�i�r�e�c�t�l�y� �c�o�n�n�e�c�t�e�d� �t�o� �g�r�o�u�n�d�w�a�t�e�r�,� �p�a�s�t� �p�r�a�c�t�i�c�e� �o�f� �w�a�s�t�e� �d�i�s�p�o�s�a�l� �i�n� 

�s�i�n�k�h�o�l�e�s� �s�h�o�u�l�d� �b�e� �s�t�o�p�p�e�d�.� �O�v�e�r�a�l�l� �r�e�d�u�c�t�i�o�n� �o�f� �w�a�s�t�e� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �a�d�o�p�t�i�o�n� �o�f� 

�r�e�c�y�c�l�i�n�g� �a�r�e� �b�e�s�t� �a�l�t�e�r�n�a�t�i�v�e�s� �t�o� �w�a�s�t�e� �d�i�s�p�o�s�a�l� �t�h�a�t� �p�r�o�t�e�c�t� �t�h�e� �n�a�t�u�r�a�l� �e�n�v�i�r�o�n�m�e�n�t�,� 

�h�e�n�c�e�,� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �q�u�a�l�i�t�y�.� 

�B�u�f�f�e�r�s� �a�n�d� �s�e�t�b�a�c�k� �r�e�q�u�i�r�e�m�e�n�t�s� �a�r�e� �c�o�m�m�o�n�l�y� �u�s�e�d� �z�o�n�i�n�g� �t�e�c�h�n�i�q�u�e�s� �t�o� 

�m�i�n�i�m�i�z�e� �a�d�v�e�r�s�e� �i�m�p�a�c�t�s� �o�n� �i�m�p�o�r�t�a�n�t� �r�e�s�o�u�r�c�e�s�.� �T�h�e�y� �s�e�p�a�r�a�t�e� �l�a�n�d� �d�e�v�e�l�o�p�m�e�n�t� 

�a�c�t�i�v�i�t�i�e�s� �f�r�o�m� �w�a�t�e�r� �r�e�s�o�u�r�c�e�s� �a�n�d� �p�r�o�v�i�d�e� �n�a�t�u�r�a�l� �f�i�l�t�r�a�t�i�o�n� �f�o�r� �n�o�n�-�p�o�i�n�t� �s�o�u�r�c�e� 

�p�o�l�l�u�t�i�o�n�.� �A�s� �m�e�n�t�i�o�n�e�d�,� �v�e�g�e�t�a�t�e�d� �b�u�f�f�e�r�s� �c�a�n� �s�e�r�v�e� �a�s� �a� �n�a�t�u�r�a�l� �f�i�l�t�e�r� �o�f� �p�o�l�l�u�t�a�n�t�s� �f�r�o�m� 

�r�u�n�o�f�f� �b�e�f�o�r�e� �t�h�e�y� �e�n�t�e�r� �t�h�e� �r�e�c�e�i�v�i�n�g� �s�t�r�e�a�m�.� �B�u�f�f�e�r�s� �a�n�d� �s�e�t�b�a�c�k� �r�e�q�u�i�r�e�m�e�n�t�s� �c�a�n� �b�e� 

�i�m�p�l�e�m�e�n�t�e�d� �b�y� �a� �m�u�n�i�c�i�p�a�l�i�t�y� �t�o� �p�r�o�t�e�c�t� �a� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�o�u�r�c�e�,� �s�u�c�h� �a�s� �a� �s�t�r�e�a�m� �o�r� 

�r�i�v�e�r�.� �T�h�e�y� �c�a�n� �a�l�s�o� �b�e� �v�o�l�u�n�t�a�r�i�l�y� �a�d�o�p�t�e�d� �b�y� �p�r�o�p�e�r�t�y� �o�w�n�e�r�s� �t�o� �p�r�o�t�e�c�t� �i�n�d�i�v�i�d�u�a�l� 

�d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�o�u�r�c�e�.� 

�B�e�s�t� �M�a�n�a�g�e�m�e�n�t� �P�r�a�c�t�i�c�e�s� �(�B�M�P�s�)�  ��a�r�e� �v�o�l�u�n�t�a�r�y� �e�f�f�o�r�t�s� �u�n�d�e�r�t�a�k�e�n� �b�y� 

�i�n�d�i�v�i�d�u�a�l� �l�a�n�d�o�w�n�e�r�s� �o�r� �d�e�v�e�l�o�p�e�r�s� �t�o� �r�e�d�u�c�e� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�m�p�a�c�t�s� �o�f� �r�u�n�o�f�f� �f�r�o�m� �a� 

�p�a�r�t�i�c�u�l�a�r� �s�i�t�e �� �(�L�J�R�A�,� �1�9�9�1�:� �6�9�)�.� �P�r�o�p�e�r�l�y� �i�n�s�t�a�l�l�e�d� �a�n�d� �m�a�i�n�t�a�i�n�e�d� �B�M�P�s� �c�a�n� �p�r�e�v�e�n�t� 

�2�9



�p�o�l�l�u�t�a�n�t�s�,� �s�u�c�h� �a�s� �s�e�d�i�m�e�n�t�,� �o�i�l� �a�n�d� �g�r�e�a�s�e�,� �f�e�r�t�i�l�i�z�e�r�s�,� �p�e�s�t�i�c�i�d�e�s�,� �a�n�d� �h�e�a�v�y� �m�e�t�a�l�s�,� �f�r�o�m� 

�e�n�t�e�r�i�n�g� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�o�u�r�c�e�s�.� �C�o�m�m�o�n�l�y� �u�s�e�d� �B�M�P�s� �c�o�n�s�i�s�t� �o�f� �v�e�g�e�t�a�t�e�d� �b�u�f�f�e�r� �s�t�r�i�p�s� 

�a�l�o�n�g� �s�u�r�f�a�c�e� �w�a�t�e�r� �s�o�u�r�c�e�s�,� �g�r�a�s�s�y� �d�r�a�i�n�a�g�e� �w�a�y�s�,� �p�o�r�o�u�s� �p�a�v�e�m�e�n�t�,� �a�n�d� �s�t�o�r�m�w�a�t�e�r� 

�r�e�t�e�n�t�i�o�n� �p�o�n�d�s�.� 

�I�I�I�.� �C�.� �W�a�t�e�r� �D�i�s�t�r�i�b�u�t�i�o�n� �S�y�s�t�e�m�s� 

�W�a�t�e�r� �s�u�p�p�l�y�/�d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s� �m�o�v�e� �w�a�t�e�r� �f�r�o�m� �r�e�t�e�n�t�i�o�n� �s�y�s�t�e�m�s� �t�o� �u�s�e�r�s�.� 

�G�e�n�e�r�a�l�l�y�,� �w�a�t�e�r� �d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s� �t�a�k�e� �w�a�t�e�r� �f�r�o�m� �s�u�r�f�a�c�e� �a�n�d� �u�n�d�e�r�g�r�o�u�n�d� �s�o�u�r�c�e�s� 

�s�u�c�h� �a�s� �r�i�v�e�r�s�,� �r�e�t�e�n�t�i�o�n� �r�e�s�e�r�v�o�i�r�s�,� �a�n�d� �b�o�r�e�h�o�l�e�s�.� �T�h�e� �w�a�t�e�r� �i�s� �t�h�e�n� �p�u�r�i�f�i�e�d� �b�y� 

�t�r�e�a�t�m�e�n�t� �i�n�v�o�l�v�i�n�g� �p�h�y�s�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� �p�r�o�c�e�s�s�e�s�.� �T�h�e� �t�r�e�a�t�e�d� �w�a�t�e�r� �i�s� �u�s�u�a�l�l�y� �s�t�o�r�e�d� 

�i�n� �c�o�n�t�a�c�t� �t�a�n�k�s� �u�n�t�i�l� �i�t� �i�s� �p�u�m�p�e�d� �i�n�t�o� �a� �n�e�t�w�o�r�k� �o�f� �p�i�p�e�s�.� �W�a�t�e�r� �c�a�n� �b�e� �t�r�a�n�s�p�o�r�t�e�d� �b�y� 

�b�o�o�s�t�e�r� �p�u�m�p�s� �o�r� �b�y� �g�r�a�v�i�t�y� �a�l�o�n�g� �p�i�p�e�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �t�h�r�e�e� �m�a�i�n� �c�o�m�p�o�n�e�n�t�s� �o�f� 

�w�a�t�e�r� �s�u�p�p�l�y�/�d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s� �a�r�e� �(�B�r�d�y�s� �e�t�.� �a�l�.�,� �1�9�9�4�:� �3�)�:� 

�1�)� �t�r�e�a�t�m�e�n�t� �w�o�r�k�s� 
�2�)� �s�u�p�p�l�y� �n�e�t�w�o�r�k� �o�f� �t�r�u�n�k� �m�a�i�n�s� �a�n�d� �m�a�i�n� �r�e�s�e�r�v�o�i�r�s� 
�3�)� �d�i�s�t�r�i�b�u�t�i�o�n� �n�e�t�w�o�r�k� �o�f� �s�m�a�l�l�-�d�i�a�m�e�t�e�r� �p�i�p�e�s� �a�n�d� �l�o�c�a�l� �r�e�s�e�r�v�o�i�r�s�.� 

�A�t� �t�h�e� �t�r�e�a�t�m�e�n�t� �w�o�r�k�s�,� �w�a�t�e�r� �i�s� �f�i�r�s�t� �s�c�r�e�e�n�e�d� �t�o� �r�e�m�o�v�e� �l�e�a�v�e�s� �a�n�d� �o�t�h�e�r� �d�e�b�r�i�s�.� 

�T�h�e� �r�a�w� �w�a�t�e�r� �i�s� �c�o�n�t�i�n�u�o�u�s�l�y� �t�e�s�t�e�d� �f�o�r� �h�a�r�d�n�e�s�s�.� �I�t� �i�s� �t�h�e�n� �p�u�m�p�e�d� �t�o� �r�e�a�c�t�i�o�n� �t�a�n�k�s� 

�w�h�e�r�e� �t�h�e� �f�i�r�s�t� �m�a�j�o�r� �s�t�a�g�e� �o�f� �t�r�e�a�t�m�e�n�t� �t�a�k�e�s� �p�l�a�c�e�.� �T�h�e� �w�a�t�e�r� �t�r�a�v�e�l�s� �b�y� �g�r�a�v�i�t�y� �t�h�r�o�u�g�h� 

�s�u�b�s�e�q�u�e�n�t� �s�t�a�g�e�s� �b�e�f�o�r�e� �i�t� �a�p�p�e�a�r�s� �a�s� �d�r�i�n�k�i�n�g� �w�a�t�e�r�.� �I�n� �t�h�e� �l�a�s�t� �s�t�a�g�e� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t� 

�p�r�o�c�e�s�s�,� �f�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �t�r�e�a�t�e�d� �w�a�t�e�r� �i�s� �s�c�r�e�e�n�e�d� �f�o�r� �m�a�t�e�r�i�a�l�s� �c�a�r�r�i�e�d� �o�v�e�r� �f�r�o�m� �t�h�e� 

�r�e�a�c�t�i�o�n� �t�a�n�k�s� �t�h�r�o�u�g�h� �a� �r�a�p�i�d� �g�r�a�v�i�t�y� �f�i�l�t�e�r�.� �T�r�e�a�t�e�d� �w�a�t�e�r� �i�s� �u�s�u�a�l�l�y� �s�t�o�r�e�d� �i�n� �t�r�e�a�t�e�d� 

�w�a�t�e�r� �r�e�s�e�r�v�o�i�r� �o�r� �s�t�o�r�i�n�g� �t�a�n�k�s� �u�n�t�i�l� �b�e�i�n�g� �p�u�m�p�e�d� �t�o� �c�u�s�t�o�m�e�r�s�.� �T�r�e�a�t�m�e�n�t� �t�e�c�h�n�o�l�o�g�i�e�s� 

�a�n�d� �a�s�s�o�c�i�a�t�e�d� �c�o�s�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �S�e�c�t�i�o�n� �D� �o�f� �t�h�i�s� �c�h�a�p�t�e�r�.� 

�C�u�s�t�o�m�e�r�s� �r�e�c�e�i�v�e� �t�r�e�a�t�e�d� �w�a�t�e�r� �v�i�a� �p�i�p�e�s�.� �I�n� �t�h�e� �s�u�p�p�l�y� �p�a�r�t� �o�f� �t�h�e� �n�e�t�w�o�r�k�s�,� 

�p�i�p�e�s� �c�a�n� �b�e� �u�p� �t�o� �2�.�5� �m�e�t�e�r�s�,� �9�8�.�4� �i�n�c�h�e�s�,� �o�r� �8�.�2� �f�e�e�t� �i�n� �d�i�a�m�e�t�e�r� �(�B�r�d�y�s� �e�t�.� �a�l�.�,� �1�9�9�4�:� �6�)�.� 

�D�i�s�t�r�i�b�u�t�i�o�n� �p�i�p�e�s� �a�r�e� �s�m�a�l�l�e�r� �a�n�d� �g�r�a�d�u�a�l�l�y� �d�e�c�r�e�a�s�e� �i�n� �s�i�z�e� �d�o�w�n� �t�o� �0�.�0�5� �m�e�t�e�r�s� �o�r� �1�.�9�7� 

�i�n�c�h�e�s� �i�n� �d�i�a�m�e�t�e�r� �a�t� �i�n�d�i�v�i�d�u�a�l� �h�o�u�s�e�s� �(�B�r�d�y�s� �e�t�.� �a�l�.�,� �1�9�9�4�:� �6�)�.� 
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�W�a�t�e�r� �u�n�d�e�r� �p�r�e�s�s�u�r�e� �i�s� �b�o�o�s�t�e�d� �b�y� �p�u�m�p�s� �o�r� �m�o�v�e�s� �u�n�d�e�r� �g�r�a�v�i�t�y� �t�h�r�o�u�g�h� �p�i�p�e�s�.� 

�A�s� �a�c�t�i�v�e� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �n�e�t�w�o�r�k�,� �p�u�m�p�s� �s�u�p�p�l�y� �w�a�t�e�r� �a�t� �r�e�q�u�i�r�e�d� �e�l�e�v�a�t�i�o�n� �a�n�d� �c�o�v�e�r�s� 

�e�n�e�r�g�y� �l�o�s�s�e�s� �i�n� �p�i�p�e�s� �a�n�d� �v�a�l�v�e�s�.� 

�C�e�n�t�r�i�f�u�g�a�l� �p�u�m�p�s� �a�r�e� �t�h�e� �m�o�s�t� �w�i�d�e�l�y� �u�s�e�d�.� �T�h�e�y� �h�a�v�e� �a� �r�o�t�a�t�i�n�g� 
�e�l�e�m�e�n�t� �w�h�i�c�h� �i�m�p�a�r�t�s� �e�n�e�r�g�y� �t�o� �t�h�e� �w�a�t�e�r�.� �E�n�e�r�g�y� �i�s� �s�u�p�p�l�i�e�d� 
�e�x�t�e�r�n�a�l�l�y� �b�y� �e�l�e�c�t�r�i�c�a�l� �m�o�t�o�r�s�,� �a�n�d� �c�h�a�n�g�e�s� �i�n�t�o� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �e�n�e�r�g�y� 
�o�f� �w�a�t�e�r�.� �T�h�e� �l�a�t�t�e�r� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �a�s� �t�h�e� �p�r�o�d�u�c�t� �o�f� 
�h�e�a�d� �i�n�c�r�e�a�s�e� �t�h�r�o�u�g�h� �p�u�m�p�,� �f�l�o�w� �a�n�d� �g�r�a�v�i�t�y� �c�o�n�s�t�a�n�t�s�.�.�.� �.� 
�C�o�n�s�i�d�e�r�i�n�g� �t�w�o� �d�i�f�f�e�r�e�n�t� �f�l�o�w�s�,� �a� �l�a�r�g�e�r� �f�l�o�w� �c�a�n� �b�e� �p�r�o�v�i�d�e�d� �u�n�d�e�r� �a� 
�s�m�a�l�l�e�r� �h�e�a�d� �i�n�c�r�e�a�s�e�.� �(�B�r�d�y�s� �e�t�.� �a�l�.�,� �1�9�9�4�:� �6�)�.� 

�G�e�n�e�r�a�l�l�y�,� �t�w�o� �b�a�s�i�c� �t�y�p�e�s� �o�f� �p�u�m�p�s� �e�x�i�s�t�:� �v�a�r�i�a�b�l�e� �s�p�e�e�d� �p�u�m�p�s� �(�V�S�P�)� �a�n�d� �f�i�x�e�d� 

�s�p�e�e�d� �p�u�m�p�s� �(�F�S�P�)�.� �I�n� �V�S�P� �p�u�m�p�s�,� �t�h�e� �s�p�e�e�d� �o�f� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �m�o�t�o�r� �c�a�n� �b�e� �s�u�b�j�e�c�t�e�d� �t�o� 

�e�x�t�e�r�n�a�l� �c�o�n�t�r�o�l� �s�i�g�n�a�l�s�.� �F�S�P� �p�u�m�p�s� �h�a�v�e� �s�p�e�e�d� �f�i�x�e�d� �a�t� �a� �c�o�n�s�t�a�n�t� �v�a�l�u�e�.� �F�S�P�s� �a�r�e� �m�o�r�e� 

�w�i�d�e�l�y� �u�s�e�d�.� �I�n� �a� �p�u�m�p� �s�t�a�t�i�o�n� �c�o�n�s�i�s�t�i�n�g� �o�f� �o�n�l�y� �F�S�P� �p�u�m�p�s�,� �t�h�e� �p�u�m�p� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� 

�t�h�e� �o�n�l�y� �c�o�n�t�r�o�l� �f�a�c�t�o�r� �a�v�a�i�l�a�b�l�e� �t�o� �t�h�e� �s�y�s�t�e�m� �o�p�e�r�a�t�o�r�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �s�t�a�t�i�o�n�s� �w�i�t�h� 

�V�S�P� �p�u�m�p�s� �h�a�v�e� �t�w�o� �c�o�n�t�r�o�l� �f�a�c�t�o�r�s�:� �s�p�e�e�d�,� �w�h�i�c�h� �c�a�n� �c�h�a�n�g�e� �c�o�n�t�i�n�u�o�u�s�l�y�;� �a�n�d� �p�u�m�p� 

�c�o�n�f�i�g�u�r�a�t�i�o�n�,� �w�h�i�c�h� �i�s� �a� �d�i�s�c�r�e�t�e� �v�a�r�i�a�b�l�e� �(�B�r�d�y�s� �e�t�.� �a�l�.�,� �1�9�9�4�:� �6�)�.� 

�A�n� �a�d�d�i�t�i�o�n�a�l� �e�s�s�e�n�t�i�a�l� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �n�e�t�w�o�r�k� �c�o�n�s�i�s�t�s� �o�f� �s�t�o�r�a�g�e� �r�e�s�e�r�v�o�i�r�s�.� 

�R�e�s�e�r�v�o�i�r� �s�t�o�r�a�g�e� �h�a�s� �a�n� �i�m�p�o�r�t�a�n�t� �f�u�n�c�t�i�o�n� �o�f� �e�n�h�a�n�c�i�n�g� �s�y�s�t�e�m� �f�l�e�x�i�b�i�l�i�t�y� �b�y� �p�r�o�v�i�d�i�n�g� 

�s�u�p�p�l�i�e�s� �f�o�r� �r�a�n�d�o�m� �f�l�u�c�t�u�a�t�i�o�n� �i�n� �d�e�m�a�n�d�.� �I�t� �c�a�n� �a�l�s�o� �r�e�d�u�c�e� �p�u�m�p�i�n�g� �c�o�s�t�s� �b�y� �a�l�l�o�w�i�n�g� 

�s�h�i�f�t�s� �i�n� �p�e�r�i�o�d�s� �o�f� �h�e�a�v�y� �p�u�m�p�i�n�g� �a�n�d� �h�i�g�h� �d�e�m�a�n�d�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�a�n�k�s� �a�t� �e�l�e�v�a�t�i�o�n� 

�c�o�n�t�r�i�b�u�t�e� �p�r�e�s�s�u�r�e� �a�n�d� �g�r�a�v�i�t�y� �f�l�o�w� �t�o� �t�h�e� �s�y�s�t�e�m�.� �A�n�o�t�h�e�r� �i�m�p�o�r�t�a�n�t� �f�u�n�c�t�i�o�n� �o�f� �a� 

�r�e�s�e�r�v�o�i�r� �i�s� �t�o� �s�u�s�t�a�i�n� �p�r�e�s�s�u�r�e� �i�n� �a� �n�e�i�g�h�b�o�r�h�o�o�d� �n�e�t�w�o�r�k�.� �I�n� �t�e�r�m�s� �o�f� �m�a�i�n�t�e�n�a�n�c�e�,� 

�r�e�s�e�r�v�o�i�r�s� �a�r�e� �u�s�u�a�l�l�y� �e�q�u�i�p�p�e�d� �w�i�t�h� �s�p�e�c�i�a�l� �v�a�l�v�e�s� �t�o� �a�v�o�i�d� �s�u�d�d�e�n� �o�v�e�r�f�l�o�w�i�n�g� �o�r� 

�e�m�p�t�y�i�n�g�.� �(�B�r�d�y�s� �e�t�.� �a�l�.�,� �1�9�9�4�:� �7�)�.� 

�C�o�s�t�s� �o�f� �W�a�t�e�r� �S�u�p�p�l�y�/�D�i�s�t�r�i�b�u�t�i�o�n� �S�y�s�t�e�m�s� 

�T�a�b�l�e� �3�.�2� �l�i�s�t�s� �e�s�t�i�m�a�t�e�d� �c�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�s�,� �m�a�t�e�r�i�a�l� �a�n�d� �l�a�b�o�r�,� �f�o�r� �c�o�m�p�o�n�e�n�t�s� �i�n� 

�w�a�t�e�r� �d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s�.� �C�o�s�t�s� �a�r�e� �b�a�s�e�d� �o�n� �1�9�9�4� �d�o�l�l�a�r�s�.� �A�s� �a� �p�a�r�t�i�a�l� �l�i�s�t�,� �t�h�e� �p�u�r�p�o�s�e� 

�o�f� �t�h�e� �l�i�s�t�i�n�g� �i�s� �t�o� �p�r�o�v�i�d�e� �s�y�s�t�e�m� �m�a�n�a�g�e�r�s� �w�i�t�h� �e�x�a�m�p�l�e� �d�a�t�a� �f�o�r� �p�r�e�p�a�r�i�n�g� �p�r�e�l�i�m�i�n�a�r�y� 

�f�i�n�a�n�c�i�a�l� �a�n�d� �c�o�s�t�i�n�g� �a�n�a�l�y�s�e�s� �f�o�r� �s�y�s�t�e�m� �d�e�s�i�g�n�,� �u�p�g�r�a�d�e�,� �a�n�d� �e�x�t�e�n�s�i�o�n�.� �T�h�e�s�e� �c�o�s�t�s� 
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�w�i�l�l� �b�e� �u�s�e�d� �i�n� �C�h�a�p�t�e�r� �I�V� �t�o� �c�o�n�d�u�c�t� �t�h�e�s�e� �a�n�a�l�y�s�e�s�.� �S�y�s�t�e�m�s� �w�i�t�h� �m�o�r�e� �s�p�e�c�i�f�i�c� 

�c�o�m�p�o�n�e�n�t� �n�e�e�d�s� �s�h�o�u�l�d� �c�o�m�p�i�l�e� �t�h�e�i�r� �o�w�n� �l�i�s�t�.� 

�T�a�b�l�e� �3�.�2�:� �C�o�n�s�t�r�u�c�t�i�o�n� �C�o�s�t�s� �f�o�r� �W�a�t�e�r� �S�u�p�p�l�y�/�D�i�s�t�r�i�b�u�t�i�o�n� �S�y�s�t�e�m�s� 

� � 

�S�y�s�t�e�m� �C�o�m�p�o�n�e�n�t� �L�O�F�T� �O�r�y� 

�W�a�t�e�r� �m�a�i�n�:� �6� �i�n�c�h� �L�i�n�e�a�r� �F�e�e�t� �(�L�.�F�.�)� �]� �$� �2�2� 
�W�a�t�e�r� �m�a�i�n�:� �8� �i�n�c�h� �L�.�F�.� �$� �2�5� 

�W�a�t�e�r� �m�a�i�n�:� �1�0� �i�n�c�h� �L�.�F�.� �$� �2�7� 

�G�a�t�e� �v�a�l�v�e� �&� �b�o�x�:� �6� �i�n�c�h� �S�e�t� �$� �4�5�0� 
�G�a�t�e� �v�a�l�v�e� �&� �b�o�x�:� �8� �i�n�c�h� �S�e�t� �$� �5�5�0� 
�G�a�t�e� �v�a�l�v�e� �&� �b�o�x�:� �1�0� �i�n�c�h� �S�e�t� �$� �6�0�0� 

�W�a�t�e�r� �s�e�r�v�i�c�e� �c�o�n�n�e�c�t�i�o�n�s� �E�a�c�h� �$� �1�,�5�0�0� 

�P�u�m�p� �s�t�a�t�i�o�n� �E�a�c�h� �$� �1�0�0�,�0�0�0� 

�M�a�s�t�e�r� �m�e�t�e�r� �E�a�c�h� �$� �2�5�,�0�0�0� 

�1�5�0�,�0�0�0� �G�a�l�l�o�n� �T�a�n�k� �E�a�c�h� �$� �1�5�0�,�0�0�0� 
�3�0�0�,�0�0�0� �G�a�l�l�o�n� �T�a�n�k� �E�a�c�h� �$� �2�4�0�,�0�0�0� 

�F�i�r�e� �h�y�d�r�a�n�t�s� �E�a�c�h� �$� �1�,�2�0�0� 
�R�o�a�d� �b�o�r�e� �E�a�c�h� �$� �5�,�0�0�0� 
�R�a�i�l�r�o�a�d� �b�o�r�e� �E�a�c�h� �$� �5�,�0�0�0� � � � � � � 

�S�o�u�r�c�e�:� �A�n�d�e�r�s�o�n� �&� �A�s�s�o�c�i�a�t�e�s�,� �I�n�c�.�,� �1�9�9�4�:� �A�p�p�e�n�d�i�x� �B�.� 
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�I�I�I�.� �D�.� �T�r�e�a�t�m�e�n�t� �i�n� �D�r�i�n�k�i�n�g� �W�a�t�e�r� �S�y�s�t�e�m�s� 

�A�S� �a�n� �i�m�p�o�r�t�a�n�t� �c�o�m�p�o�n�e�n�t� �o�f� �w�a�t�e�r� �s�u�p�p�l�y�/�d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s�,� �d�r�i�n�k�i�n�g� �w�a�t�e�r� 

�t�r�e�a�t�m�e�n�t� �i�s� �t�h�e� �p�r�o�c�e�s�s� �b�y� �w�h�i�c�h� �s�o�l�i�d� �m�a�t�t�e�r�,� �d�i�s�e�a�s�e�-�c�a�u�s�i�n�g� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�,� �a�n�d� 

�c�h�e�m�i�c�a�l� �c�o�n�t�a�m�i�n�a�n�t�s�,� �b�o�t�h� �n�a�t�u�r�a�l� �a�n�d� �m�a�n�-�m�a�d�e�,� �a�r�e� �r�e�d�u�c�e�d� �o�r� �r�e�m�o�v�e�d� �f�r�o�m� �r�a�w� 

�w�a�t�e�r�.� �T�h�e� �m�a�j�o�r� �a�d�v�a�n�t�a�g�e� �o�f� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �i�s� �r�e�d�u�c�t�i�o�n� �o�f� �h�e�a�l�t�h� �r�i�s�k�s�.� �S�i�n�c�e� �t�h�e� 

�d�i�s�c�o�v�e�r�y� �o�f� �w�a�t�e�r� �t�r�a�n�s�m�i�t�t�e�d� �d�i�s�e�a�s�e�s� �i�n� �t�h�e� �e�a�r�l�y� �n�i�n�e�t�e�e�n�t�h� �c�e�n�t�u�r�y�,� �w�a�t�e�r�  ��t�r�e�a�t�m�e�n�t� 

�t�o� �e�l�i�m�i�n�a�t�e� �d�i�s�e�a�s�e�-�c�a�u�s�i�n�g� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �h�a�s� �d�r�a�m�a�t�i�c�a�l�l�y� �r�e�d�u�c�e�d� �t�h�e� �i�n�c�i�d�e�n�c�e� �o�f� 

�w�a�t�e�r�b�o�r�n�e� �d�i�s�e�a�s�e�s� �.� �.� �.� �s�u�c�h� �a�s� �t�y�p�h�o�i�d�,� �c�h�o�l�e�r�a�,� �a�n�d� �h�e�p�a�t�i�t�i�s� �i�n� �t�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s �� 

�(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �3�)�.� �A�l�t�h�o�u�g�h� �w�a�t�e�r� �q�u�a�l�i�t�y� �h�a�s� �b�e�e�n� �i�m�p�r�o�v�e�d� �b�y� �w�a�t�e�r� 

�t�r�e�a�t�m�e�n�t�,� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �c�a�r�r�y�i�n�g� �w�a�t�e�r�b�o�r�n�e� �d�i�s�e�a�s�e�s� �h�a�v�e� �n�o�t� �b�e�e�n� �e�l�i�m�i�n�a�t�e�d� �b�y� 

�t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�s�.� 

�I�n� �m�o�s�t� �c�a�s�e�s�,� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �c�o�n�t�a�m�i�n�a�t�e� �w�a�t�e�r� �t�h�r�o�u�g�h� �s�u�r�f�a�c�e� �r�u�n�o�f�f� �c�a�r�r�y�i�n�g� 

�a�n�i�m�a�l� �w�a�s�t�e�s�,� �f�a�i�l�u�r�e�s� �i�n� �s�e�p�t�i�c� �o�r� �s�e�w�e�r� �s�y�s�t�e�m�s�,� �a�n�d� �s�e�w�a�g�e� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t� �e�f�f�l�u�e�n�t�s� 

�(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �4�)�.� �M�i�c�r�o�b�i�o�l�o�g�i�c�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n� �c�a�n� �a�l�s�o� �o�c�c�u�r� �i�n� 

�g�r�o�u�n�d�w�a�t�e�r�,� �f�o�r� �e�x�a�m�p�l�e� �t�h�r�o�u�g�h� �i�m�p�r�o�p�e�r�l�y� �p�l�a�c�e�d� �o�r� �s�e�a�l�e�d� �w�e�l�l�s�.� �A�f�t�e�r� �w�a�t�e�r� �l�e�a�v�e�s� 

�t�h�e� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t�,� �c�o�n�t�a�m�i�n�a�t�i�o�n� �c�a�n� �a�l�s�o� �t�r�a�n�s�p�i�r�e� �v�i�a� �a� �c�r�o�s�s� �c�o�n�n�e�c�t�i�o�n� �b�e�t�w�e�e�n� �s�a�f�e� 

�d�r�i�n�k�i�n�g� �w�a�t�e�r� �a�n�d� �a� �s�o�u�r�c�e� �o�f� �c�o�n�t�a�m�i�n�a�t�i�o�n�,� �a� �b�a�c�k�f�l�o�w� �i�n� �a� �w�a�t�e�r� �s�u�p�p�l�y� �l�i�n�e�,� �o�r� �a� 

�r�e�g�r�o�w�t�h� �o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �i�n� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�.� 

�N�a�t�u�r�a�l� �a�n�d� �s�y�n�t�h�e�t�i�c� �c�h�e�m�i�c�a�l� �c�o�n�t�a�m�i�n�a�n�t�s� �a�r�e� �f�r�e�q�u�e�n�t�l�y� �f�o�u�n�d� �i�n� �g�r�o�u�n�d�w�a�t�e�r�,� 

�u�s�e�d� �b�y� �a�p�p�r�o�x�i�m�a�t�e�l�y� �8�5� �p�e�r�c�e�n�t� �o�f� �s�m�a�l�l� �s�y�s�t�e�m�s�.� �C�o�m�m�o�n� �s�o�u�r�c�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� 

�3�.�3�.� �C�h�e�m�i�c�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n� �c�a�n� �l�e�a�d� �t�o� �c�o�r�r�o�s�i�o�n� �o�f� �m�a�t�e�r�i�a�l�s�,� �s�u�c�h� �a�s� �p�i�p�e�s�,� �i�n� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s�.� �O�t�h�e�r� �m�a�t�e�r�i�a�l�s�,� �s�u�c�h� �a�s� �l�e�a�d�,� �c�a�n� �b�e� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �d�r�i�n�k�i�n�g� 

�w�a�t�e�r� �a�s� �w�e�l�l�.� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�e�c�t�i�o�n� �i�s� �t�o� �p�r�o�v�i�d�e� �a�n� �a�s�s�e�s�s�m�e�n�t� �o�f� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s� �t�o� 

�a�c�h�i�e�v�e� �m�o�r�e� �i�n�f�o�r�m�e�d� �d�e�c�i�s�i�o�n�s� �f�o�r� �s�y�s�t�e�m� �d�e�s�i�g�n� �a�n�d� �u�p�g�r�a�d�e�.� �F�i�r�s�t�,� �f�i�l�t�r�a�t�i�o�n� 

�t�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� �r�e�m�o�v�i�n�g� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �f�r�o�m� �w�a�t�e�r� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d�.� �T�y�p�i�c�a�l�l�y�,� 

�s�e�v�e�r�a�l� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s�,� �s�u�c�h� �a�s� �c�h�e�m�i�c�a�l� �f�e�e�d� �a�n�d� �r�a�p�i�d� �m�i�x�,� �f�l�o�c�c�u�l�a�t�i�o�n�,� �a�n�d� 

�s�e�d�i�m�e�n�t�a�t�i�o�n�,� �a�r�e� �i�n�v�o�l�v�e�d� �i�n� �f�i�l�t�r�a�t�i�o�n�.� �S�e�c�o�n�d�,� �t�h�e� �d�i�s�i�n�f�e�c�t�i�o�n� �t�e�c�h�n�o�l�o�g�i�e�s� �w�i�l�l� �b�e� 

�b�r�i�e�f�l�y� �i�l�l�u�s�t�r�a�t�e�d�.� �T�h�i�r�d�,� �t�h�e� �d�i�s�c�u�s�s�i�o�n� �w�i�l�l� �t�u�r�n� �t�o� �t�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� �t�r�e�a�t�i�n�g� �o�r�g�a�n�i�c� 

�3�3



�c�o�n�t�a�m�i�n�a�n�t�s�.� �T�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s� �t�o� �b�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�i�s� �s�e�c�t�i�o�n� �c�o�n�s�i�s�t� �o�f� �t�h�e� �g�r�a�n�u�l�a�r� 

�a�c�t�i�v�a�t�e�d� �c�a�r�b�o�n� �(�G�A�C�)� �a�n�d� �v�a�r�i�o�u�s� �a�e�r�a�t�i�o�n� �p�r�o�c�e�s�s�e�s�.� �T�h�e� �f�i�n�a�l� �s�e�c�t�i�o�n� �o�f� �t�h�e� �c�h�a�p�t�e�r� 

�w�i�l�l� �f�o�c�u�s� �o�n� �e�x�i�s�t�i�n�g� �a�n�d� �e�m�e�r�g�i�n�g� �t�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� �c�o�n�t�r�o�l�l�i�n�g� �a�n�d� �r�e�m�o�v�i�n�g� �i�n�o�r�g�a�n�i�c� 

�c�o�n�t�a�m�i�n�a�n�t�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �c�o�a�g�u�l�a�t�i�o�n�/�f�i�l�t�r�a�t�i�o�n�,� �m�e�m�b�r�a�n�e�s�,� �1�0�n� �e�x�c�h�a�n�g�e�,� �a�n�d� 

�a�c�t�i�v�a�t�e�d� �a�l�u�m�i�n�a� �p�r�o�c�e�s�s�e�s� �w�i�l�l� �b�e� �a�s�s�e�s�s�e�d�.� �T�h�e� �f�i�n�a�l� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �s�e�c�t�i�o�n� �w�i�l�l� 

�s�u�m�m�a�r�i�z�e� �t�r�e�a�t�m�e�n�t� �t�e�c�h�n�o�l�o�g�i�e�s� �i�n� �t�e�r�m�s� �o�f� �c�a�p�i�t�a�l� �a�n�d� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s�.� 

�T�a�b�l�e� �3�.�3�:� �C�o�m�m�o�n� �S�o�u�r�c�e�s� �o�f� �N�a�t�u�r�a�l� �a�n�d� �S�y�n�t�h�e�t�i�c� �C�h�e�m�i�c�a�l� �C�o�n�t�a�m�i�n�a�n�t�s� 

� � 

�M�i�n�e�r�a�l�s� �d�i�s�s�o�l�v�e�d� �f�r�o�m� �r�o�c�k�s� �t�h�a�t� �f�o�r�m� �t�h�e� �e�a�r�t�h ��s� �c�r�u�s�t� 
�P�e�s�t�i�c�i�d�e�s� �a�n�d� �h�e�r�b�i�c�i�d�e�s� �u�s�e�d� �i�n� �a�g�r�i�c�u�l�t�u�r�e� 

�L�e�a�k�i�n�g� �u�n�d�e�r�g�r�o�u�n�d� �s�t�o�r�a�g�e� �t�a�n�k�s� 
�I�n�d�u�s�t�r�i�a�l� �e�f�f�l�u�e�n�t�s� 

�S�e�e�p�a�g�e� �f�r�o�m� �s�e�p�t�i�c� �t�a�n�k�s� 
�S�e�w�a�g�e� �t�r�e�a�t�m�e�n�t� �p�l�a�n�t�s� 

�L�a�n�d�f�i�l�l�s� 
�O�t�h�e�r� �i�m�p�r�o�p�e�r� �d�i�s�p�o�s�a�l� �o�f� �c�h�e�m�i�c�a�l�s� �i�n� �o�r� �o�n� �t�h�e� �g�r�o�u�n�d� 

�S�o�u�r�c�e�:� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �4�.� 
� � � � � � 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �r�e�d�u�c�i�n�g� �h�e�a�l�t�h� �r�i�s�k�s� �f�r�o�m� �m�i�c�r�o�o�r�g�a�n�i�c� �a�n�d� �c�h�e�m�i�c�a�l� 

�c�o�n�t�a�m�i�n�a�t�i�o�n�,� �a� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �c�a�n� �i�m�p�r�o�v�e� �t�h�e� �w�a�t�e�r ��s� �c�o�l�o�r�,� �o�d�o�r�,� �o�r� �t�a�s�t�e�.� 

�I�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� �c�a�n� �b�e� �r�e�m�o�v�e�d� �b�y� �s�o�m�e� �s�y�s�t�e�m�s� �t�o� �p�r�e�v�e�n�t� �s�t�a�i�n�i�n�g� �o�f� �l�a�u�n�d�r�y� �a�n�d� 

�p�l�u�m�b�i�n�g� �f�i�x�t�u�r�e�s�.� �S�u�c�h� �t�r�e�a�t�m�e�n�t� �c�a�p�a�b�i�l�i�t�y� �w�o�u�l�d� �b�e� �b�e�n�e�f�i�c�i�a�l� �i�n� �a�r�e�a�s� �o�f� �t�h�e� �V�i�r�g�i�n�i�a� 

�c�o�a�l�f�i�e�l�d�s� �w�h�e�r�e� �i�r�o�n� �i�s� �e�v�i�d�e�n�t� �i�n� �w�a�t�e�r�.� 

�W�a�t�e�r� �T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s�e�s� 

�T�a�b�l�e� �3�.�4� �i�l�l�u�s�t�r�a�t�e�s� �c�o�m�m�o�n� �t�y�p�e�s� �o�f� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s� �u�s�e�d� �b�y� �s�m�a�l�l� 

�w�a�t�e�r� �s�y�s�t�e�m�s�.� �T�h�e� �v�a�r�i�o�u�s� �p�r�o�c�e�s�s�e�s� �a�r�e� �c�a�t�e�g�o�r�i�z�e�d� �i�n�t�o� �p�r�e�l�i�m�i�n�a�r�y� �a�n�d� �m�a�i�n� 

�t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s�.� �P�r�e�l�i�m�i�n�a�r�y� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s� �a�r�e� �t�y�p�i�c�a�l�l�y� �u�s�e�d� �f�o�r� �t�r�e�a�t�i�n�g� 

�s�u�r�f�a�c�e� �w�a�t�e�r� �s�u�p�p�l�i�e�s�.� �T�h�e� �p�u�r�p�o�s�e� �o�r� �g�o�a�l� �i�s� �i�n�c�l�u�d�e�d� �f�o�r� �e�a�c�h� �p�r�o�c�e�s�s� �t�y�p�e�.� �T�h�o�s�e� 

�c�h�e�c�k�e�d� �i�n�d�i�c�a�t�e� �p�r�o�c�e�s�s�e�s� �i�d�e�n�t�i�f�i�e�d� �a�s� �e�s�p�e�c�i�a�l�l�y� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �w�a�t�e�r� �q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s� 

�p�r�e�v�a�l�e�n�t� �i�n� �S�o�u�t�h�w�e�s�t� �V�i�r�g�i�n�i�a�.� 

�3�4



�T�a�b�l�e� �3�.�4�:� �W�a�t�e�r� �T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s�e�s� �A�p�p�r�o�p�r�i�a�t�e� �f�o�r� �S�m�a�l�l� �W�a�t�e�r� �S�y�s�t�e�m�s� 

�P�R�O�C�E�S�S� �P�U�R�P�O�S�E� 

�P�r�e�l�i�m�i�n�a�r�y� �T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s� 

�S�c�r�e�e�n�i�n�g� �R�e�m�o�v�e�s� �l�a�r�g�e� �d�e�b�r�i�s� �(�l�e�a�v�e�s�,� �s�t�i�c�k�s�,� �f�i�s�h�)� �t�o� �p�r�o�t�e�c�t� �p�l�a�n�t� 
�e�q�u�i�p�m�e�n�t� 

�C�h�e�m�i�c�a�l� �p�r�e�t�r�e�a�t�m�e�n�t� �C�o�n�d�i�t�i�o�n�s� �t�h�e� �w�a�t�e�r� �f�o�r� �r�e�m�o�v�a�l� �o�f� �a�l�g�a�e� �a�n�d� �o�t�h�e�r� �a�q�u�a�t�i�c� 
�n�u�i�s�a�n�c�e�s� 

�P�r�e�s�e�d�i�m�e�n�t�a�t�i�o�n� �R�e�m�o�v�e�s� �g�r�a�v�e�l�,� �s�a�n�d�,� �s�i�l�t�,� �a�n�d� �o�t�h�e�r� �g�r�i�t�t�y� �m�a�t�e�r�i�a�l� 
�M�i�c�r�o�s�t�r�a�i�n�i�n�g� �R�e�m�o�v�e�s� �a�l�g�a�e�,� �a�q�u�a�t�i�c� �p�l�a�n�t�s�,� �a�n�d� �s�m�a�l�l� �d�e�b�r�i�s� 

�M�a�i�n� �T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s�e�s� 

�C�h�e�m�i�c�a�l� �f�e�e�d� �a�n�d� �r�a�p�i�d� �m�i�x� �A�d�d�s� �c�h�e�m�i�c�a�l�s� �(�c�o�a�g�u�l�a�n�t�s�,� �p�H� �a�d�j�u�s�t�e�r�s�,� �e�t�c�.�)� �t�o� �w�a�t�e�r� 
�C�o�a�g�u�l�a�t�i�o�n�/�f�l�o�c�c�u�l�a�t�i�o�n� �C�o�n�v�e�r�t�s� �n�o�n�s�e�t�t�l�e�a�b�l�e� �t�o� �s�e�t�t�l�e�a�b�l�e� �p�a�r�t�i�c�l�e�s� 
�S�e�d�i�m�e�n�t�a�t�i�o�n� �R�e�m�o�v�e�s� �s�e�t�t�l�e�a�b�l�e� �p�a�r�t�i�c�l�e�s� 

�v� �S�o�f�t�e�n�i�n�g� �R�e�m�o�v�e�s� �h�a�r�d�n�e�s�s�-�c�a�u�s�i�n�g� �c�h�e�m�i�c�a�l�s� �f�r�o�m� �w�a�t�e�r� 
�F�i�l�t�r�a�t�i�o�n� �R�e�m�o�v�e�s� �p�a�r�t�i�c�l�e�s� �o�f� �s�o�l�i�d� �m�a�t�t�e�r� �w�h�i�c�h� �c�a�n� �i�n�c�l�u�d�e� 

�b�i�o�l�o�g�i�c�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n� �a�n�d� �t�u�r�b�i�d�i�t�y� 
�D�i�s�i�n�f�e�c�t�i�o�n� �K�i�l�l�s� �d�i�s�e�a�s�e�-�c�a�u�s�i�n�g� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� 
�A�b�s�o�r�p�t�i�o�n� �u�s�i�n�g� �g�r�a�n�u�l�a�r� �R�e�m�o�v�e�s� �r�a�d�o�n� �a�n�d� �m�a�n�y� �o�r�g�a�n�i�c� �c�h�e�m�i�c�a�l�s� �s�u�c�h� �a�s� 

�a�c�t�i�v�a�t�e�d� �c�a�r�b�o�n� �(�G�A�C�)� �p�e�s�t�i�c�i�d�e�s�,� �s�o�l�v�e�n�t�s�,� �a�n�d� �t�r�i�h�a�l�o�m�e�t�h�a�n�e�s�.� 
�V� �A�e�r�a�t�i�o�n� �R�e�m�o�v�e�s� �v�o�l�a�t�i�l�e� �o�r�g�a�n�i�c� �c�h�e�m�i�c�a�l�s� �(�V�O�C�s�)�,� �r�a�d�o�n�,� �H�2�S�,� �a�n�d� 

�o�t�h�e�r� �d�i�s�s�o�l�v�e�d� �g�a�s�e�s�.� �O�x�i�d�i�z�e�s� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e� 
�C�o�r�r�o�s�i�o�n� �c�o�n�t�r�o�l� �P�r�e�v�e�n�t�s� �s�c�a�l�i�n�g� �a�n�d� �c�o�r�r�o�s�i�o�n� 
�R�e�v�e�r�s�e� �o�s�m�o�s�i�s� �a�n�d� �R�e�m�o�v�e�s� �n�e�a�r�l�y� �a�l�l� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s� 

�e�l�e�c�t�r�o�d�i�a�l�y�s�i�s� �(�m�e�m�b�r�a�n�e�s�)� 
�Y� �I�o�n� �e�x�c�h�a�n�g�e� �R�e�m�o�v�e�s� �s�o�m�e� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s�,� �i�n�c�l�u�d�i�n�g� �h�a�r�d�n�e�s�s�-� 

�c�a�u�s�i�n�g� �c�h�e�m�i�c�a�l�s� 
�A�c�t�i�v�a�t�e�d� �a�l�u�m�i�n�a� �R�e�m�o�v�e�s� �s�o�m�e� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s� 

�V� �O�x�i�d�a�t�i�o�n� �f�i�l�t�r�a�t�i�o�n� �R�e�m�o�v�e�s� �s�o�m�e� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s� �(�i�r�o�n�,� �m�a�n�g�a�n�e�s�e�,� 

�r�a�d�i�u�m�)� 

� � 

�S�o�u�r�c�e�:� �A�m�e�r�i�c�a�n� �W�a�t�e�r� �W�o�r�k�s� �A�s�s�o�c�i�a�t�i�o�n�,� �I�n�t�r�o�d�u�c�t�i�o�n� �t�o� �W�a�t�e�r� �T�r�e�a�t�m�e�n�t�,� �V�o�l�.� �2�,� �1�9�8�4�,� �a�s� 

�a�d�a�p�t�e�d� �b�y� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �5�.� 
�T�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s� �p�a�r�t�i�c�u�l�a�r�l�y� �b�e�n�e�f�i�c�i�a�l� �t�o� �t�h�e� �V�i�r�g�i�n�i�a� �c�o�a�l�f�i�e�l�d�s� �i�n� �t�r�e�a�t�i�n�g� �f�o�r� �i�r�o�n�,� �m�a�n�g�a�n�e�s�e�,� 

�h�a�r�d�n�e�s�s�,� �c�o�r�r�o�s�i�v�i�t�y�,� �s�o�d�i�u�m�,� �a�n�d� �b�a�c�t�e�r�i�a�.� � � � � � � 
�D�e�s�c�r�i�p�t�i�o�n� �o�f� �W�a�t�e�r� �T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s�e�s� 

�O�f� �t�h�e� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �3�.�4�,� �p�u�b�l�i�c� �w�a�t�e�r� �s�y�s�t�e�m�s� �i�n� �t�h�e� �V�i�r�g�i�n�i�a� 

�c�o�a�l�f�i�e�l�d�s� �a�r�e� �u�s�i�n�g� �m�a�i�n�l�y� �p�r�e�l�i�m�i�n�a�r�y�,� �b�u�t� �o�n�l�y� �a� �s�e�l�e�c�t�e�d� �n�u�m�b�e�r� �o�f� �m�a�i�n� �t�r�e�a�t�m�e�n�t� 

�p�r�o�c�e�s�s�e�s�.� �T�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �m�a�i�n� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s� �i�n�c�l�u�d�e� �c�h�e�m�i�c�a�l� �f�e�e�d� �a�n�d� 

�r�a�p�i�d� �m�i�x�,� �c�o�a�g�u�l�a�t�i�o�n�/�f�l�o�c�c�u�l�a�t�i�o�n�,� �s�e�d�i�m�e�n�t�a�t�i�o�n�,� �a�n�d� �f�i�l�t�r�a�t�i�o�n�.� �I�n� �o�r�d�e�r� �t�o� �o�f�f�e�r� �m�o�r�e� 

�3�5



�a�l�t�e�r�n�a�t�i�v�e�s� �f�o�r� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �d�e�s�i�g�n� �a�n�d� �u�p�g�r�a�d�e�,� �t�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �p�r�o�v�i�d�e� 

�d�e�s�c�r�i�p�t�i�o�n�s� �o�f� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s�.� 

�F�i�l�t�r�a�t�i�o�n� �T�e�c�h�n�o�l�o�g�i�e�s� 

�F�i�l�t�r�a�t�i�o�n� �i�s� �t�h�e� �p�r�o�c�e�s�s� �o�f� �r�e�m�o�v�i�n�g� �s�u�s�p�e�n�d�e�d� �s�o�l�i�d�s� �f�r�o�m� �w�a�t�e�r�.� �P�a�r�t�i�c�l�e�s� �a�r�e� 

�f�i�l�t�e�r�e�d� �a�s� �t�h�e� �w�a�t�e�r� �p�a�s�s�e�s� �t�h�r�o�u�g�h� �a� �p�o�r�o�u�s� �b�e�d� �o�f� �m�a�t�e�r�i�a�l�s�.� �T�y�p�i�c�a�l�l�y�,� �t�w�o� �t�y�p�e�s� �o�f� 

�f�i�l�t�r�a�t�i�o�n� �e�x�i�s�t�s�,� �o�n�e� �f�o�r� �g�r�o�u�n�d�w�a�t�e�r� �a�n�d� �t�h�e� �o�t�h�e�r� �f�o�r� �s�u�r�f�a�c�e� �w�a�t�e�r�.� �I�n� �g�r�o�u�n�d�w�a�t�e�r�,� 

�n�a�t�u�r�a�l� �f�i�l�t�r�a�t�i�o�n� �r�e�m�o�v�e�s� �s�u�s�p�e�n�d�e�d� �m�a�t�t�e�r� �a�s� �w�a�t�e�r� �p�a�s�s�e�s� �t�h�r�o�u�g�h� �p�o�r�o�u�s� �l�a�y�e�r�s� �o�f� �s�o�i�l� 

�i�n�t�o� �a�q�u�i�f�e�r�s�.� �S�u�b�j�e�c�t�e�d� �t�o� �m�o�r�e� �d�i�v�e�r�s�e� �s�o�u�r�c�e�s� �o�f� �c�o�n�t�a�m�i�n�a�t�i�o�n� �s�u�c�h� �a�s� �r�u�n�o�f�f�,� �s�u�r�f�a�c�e� 

�w�a�t�e�r� �m�u�s�t� �o�f�t�e�n� �b�e� �f�i�l�t�e�r�e�d� �b�y� �a� �c�o�n�s�t�r�u�c�t�e�d� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m�.� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� 

�2�9�)�.� 

�F�i�l�t�r�a�t�i�o�n� �r�e�m�o�v�e�s� �s�o�l�i�d�s�,� �s�u�c�h� �a�s� �s�o�i�l� �a�n�d� �o�x�i�d�i�z�e�d� �m�e�t�a�l�s�.� �M�i�c�r�o�o�r�g�a�n�i�s�m�s�,� 

�i�n�c�l�u�d�i�n�g� �s�o�m�e� �t�h�a�t� �a�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �d�i�s�i�n�f�e�c�t�i�o�n�,� �c�a�n� �b�e� �f�i�l�t�e�r�e�d� �a�s� �w�e�l�l�.� �T�h�e� �f�i�l�t�r�a�t�i�o�n� 

�p�r�o�c�e�s�s� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �a� �w�a�t�e�r� �t�r�e�a�t�m�e�n�t� �s�y�s�t�e�m� �s�i�n�c�e� �i�t� �c�a�n� �p�r�e�v�e�n�t� �s�u�s�p�e�n�d�e�d� �m�a�t�e�r�i�a�l�,� 

�m�e�a�s�u�r�e�d� �a�s� �t�u�r�b�i�d�i�t�y�,� �f�r�o�m� �i�n�t�e�r�f�e�r�i�n�g� �w�i�t�h� �s�u�b�s�e�q�u�e�n�t� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s�,� �i�n�c�l�u�d�i�n�g� 

�d�i�s�i�n�f�e�c�t�i�o�n�.� �I�n� �f�a�c�t�,� �a� �d�o�u�b�l�e� �b�a�r�r�i�e�r� �a�g�a�i�n�s�t� �w�a�t�e�r�b�o�r�n�e� �d�i�s�e�a�s�e�-�c�a�u�s�i�n�g� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� 

�i�s� �a�c�h�i�e�v�e�d� �w�h�e�n� �f�i�l�t�r�a�t�i�o�n� �a�n�d� �d�i�s�i�n�f�e�c�t�i�o�n� �a�r�e� �c�o�m�b�i�n�e�d�.� 

�T�h�e� �f�i�l�t�e�r� �p�r�o�c�e�s�s� �t�y�p�i�c�a�l�l�y� �o�p�e�r�a�t�e�s� �w�i�t�h� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �p�h�y�s�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� 

�p�r�o�c�e�s�s�e�s�.� �M�e�c�h�a�n�i�c�a�l� �s�t�r�a�i�n�i�n�g� �p�h�y�s�i�c�a�l�l�y� �t�r�a�p�s� �l�a�r�g�e� �p�a�r�t�i�c�l�e�s� �b�e�t�w�e�e�n� �t�h�e� �g�r�a�i�n�s� �o�f� �t�h�e� 

�f�i�l�t�e�r� �m�e�d�i�u�m�,� �s�u�c�h� �a�s� �s�a�n�d�.� �I�n� �a�d�h�e�s�i�o�n� �o�r� �a�b�s�o�r�p�t�i�o�n�,� �a� �m�o�r�e� �a�c�t�i�v�e� �f�i�l�t�e�r�i�n�g� �p�r�o�c�e�s�s�,� 

�p�a�r�t�i�c�l�e�s� �s�t�i�c�k� �t�o� �t�h�e� �s�u�r�f�a�c�e� �o�f� �f�i�l�t�e�r� �g�r�a�i�n�s� �o�r� �p�r�e�v�i�o�u�s�l�y� �d�e�p�o�s�i�t�e�d� �m�a�t�e�r�i�a�l�s� �b�y� �a� 

�c�h�e�m�i�c�a�l� �a�d�h�e�s�i�v�e�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e�s�e� �p�h�y�s�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� �p�r�o�c�e�s�s�e�s�,� �b�i�o�l�o�g�i�c�a�l� �f�i�l�t�e�r�s� 

�c�a�n� �a�l�s�o� �b�e� �u�s�e�d� �t�o� �t�r�a�p� �o�r�g�a�n�i�c� �m�a�t�t�e�r�.� �F�o�r� �e�x�a�m�p�l�e�,� �s�l�o�w� �s�a�n�d� �f�i�l�t�e�r�s� �c�a�n� �f�o�r�m�  ��a� �f�i�l�t�e�r� 

�s�k�i�n� �c�o�n�t�a�i�n�i�n�g� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �t�h�a�t� �t�r�a�p� �a�n�d� �b�r�e�a�k� �d�o�w�n� �a�l�g�a�e�,� �b�a�c�t�e�r�i�a�,� �a�n�d� �o�t�h�e�r� 

�o�r�g�a�n�i�c� �m�a�t�t�e�r� �b�e�f�o�r�e� �t�h�e� �w�a�t�e�r� �r�e�a�c�h�e�s� �t�h�e� �f�i�l�t�e�r� �m�e�d�i�u�m� �i�t�s�e�l�f �� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� 

�1�9�9�0�:� �2�9�)�.� 

�P�r�e�c�e�d�i�n�g� �t�h�e�s�e� �f�i�l�t�r�a�t�i�o�n� �p�r�o�c�e�s�s�e�s�,� �h�o�w�e�v�e�r�,� �s�e�v�e�r�a�l� �p�r�e�t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s� 

�g�e�n�e�r�a�l�l�y� �t�a�k�e� �p�l�a�c�e�.� �I�n� �f�a�c�t�,� �s�o�m�e� �f�o�r�m� �o�f� �p�r�e�t�r�e�a�t�m�e�n�t� �i�s� �n�e�c�e�s�s�a�r�y� �e�v�e�n� �w�h�e�n� �f�i�l�t�e�r�i�n�g� 

�l�o�w� �t�u�r�b�i�d�i�t�y� �w�a�t�e�r�.� �P�r�o�c�e�s�s�e�s� �p�r�e�c�e�d�i�n�g� �f�i�l�t�r�a�t�i�o�n� �i�n�c�l�u�d�e�:� �1�)� �c�h�e�m�i�c�a�l� �f�e�e�d� �a�n�d� �r�a�p�i�d� 

�m�i�x�;� �2�)� �f�l�o�c�c�u�l�a�t�i�o�n�;� �a�n�d� �3�)� �s�e�d�i�m�e�n�t�a�t�i�o�n�.� �F�i�g�u�r�e� �3�.�1� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �f�i�l�t�r�a�t�i�o�n� �t�r�e�a�t�m�e�n�t� 
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�s�y�s�t�e�m�,� �i�n�c�l�u�d�i�n�g� �p�r�e�t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s�.� �T�h�e� �f�i�l�t�r�a�t�i�o�n� �p�r�o�c�e�s�s� �c�a�n� �i�n�c�l�u�d�e� �o�n�l�y� �o�n�e� �o�r� 

�a�l�l� �p�r�e�t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�e�s�.� 

�C�h�e�m�i�c�a�l� �f�e�e�d� �a�n�d� �r�a�p�i�d� �m�i�x� �i�s� �t�h�e� �p�r�o�c�e�s�s� �b�y� �w�h�i�c�h� �c�h�e�m�i�c�a�l�s�,� �s�u�c�h� �a�s� �p�H� 

�a�d�j�u�s�t�e�r�s� �a�n�d� �c�o�a�g�u�l�a�n�t�s�,� �a�r�e� �a�d�d�e�d� �t�o� �t�h�e� �w�a�t�e�r� �t�o� �i�m�p�r�o�v�e� �s�u�c�c�e�s�s�i�v�e� �t�r�e�a�t�m�e�n�t� 

�p�r�o�c�e�s�s�e�s�.�  ��C�o�a�g�u�l�a�n�t�s� �a�r�e� �c�h�e�m�i�c�a�l�s�,� �s�u�c�h� �a�s� �a�l�u�m�,� �t�h�a�t� �n�e�u�t�r�a�l�i�z�e� �p�o�s�i�t�i�v�e� �o�r� �n�e�g�a�t�i�v�e� 

�c�h�a�r�g�e�s� �o�n� �s�m�a�l�l� �p�a�r�t�i�c�l�e�s�, �� �a�l�l�o�w�i�n�g� �t�h�e�m� �t�o� �s�t�i�c�k� �t�o�g�e�t�h�e�r� �t�o� �f�o�r�m� �l�a�r�g�e�r� �a�n�d� �m�o�r�e� 

�e�a�s�i�l�y� �r�e�m�o�v�e�d� �p�a�r�t�i�c�l�e�s� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �2�9�)�.� �T�h�e�s�e� �c�h�e�m�i�c�a�l�s� �a�r�e� �m�i�x�e�d� 

�e�v�e�n�l�y� �i�n� �t�h�e� �w�a�t�e�r� �b�y� �d�e�v�i�c�e�s�,� �s�u�c�h� �a�s� �b�a�f�f�l�e�s�,� �h�y�d�r�a�u�l�i�c� �j�u�m�p�s�,� �s�t�a�t�i�c� �m�i�x�e�r�s�,� �i�m�p�e�l�l�e�r�s�,� 

�a�n�d� �i�n�-�l�i�n�e� �j�e�t� �s�p�r�a�y�s�.� 

�A�n�o�t�h�e�r� �p�r�o�c�e�s�s� �t�h�a�t� �c�a�n� �p�r�e�c�e�d�e� �f�i�l�t�r�a�t�i�o�n� �i�s� �f�l�o�c�c�u�l�a�t�i�o�n�.� �O�f�t�e�n� �f�o�l�l�o�w�i�n�g� 

�c�h�e�m�i�c�a�l� �f�e�e�d�i�n�g� �a�n�d� �r�a�p�i�d� �m�i�x�i�n�g�,� �f�l�o�c�c�u�l�a�t�i�o�n� �s�e�n�d�s� �t�r�e�a�t�e�d� �w�a�t�e�r� �i�n�t�o� �a� �b�a�s�i�n� �w�h�e�r�e� 

�t�h�e� �s�u�s�p�e�n�d�e�d� �p�a�r�t�i�c�l�e�s� �c�a�n� �c�o�l�l�i�d�e� �a�n�d� �f�o�r�m� �h�e�a�v�i�e�r� �p�a�r�t�i�c�l�e�s� �c�a�l�l�e�d� �f�l�o�c�.� �G�e�n�t�l�e� 

�a�g�i�t�a�t�i�o�n� �a�n�d� �a�p�p�r�o�p�r�i�a�t�e� �d�e�t�e�n�t�i�o�n� �t�i�m�e�s� �o�f� �w�a�t�e�r� �i�n� �t�h�e� �b�a�s�i�n� �s�u�p�p�o�r�t� �t�h�e� �f�o�r�m�i�n�g� �o�f� 

�f�l�o�c�.� 

�F�o�l�l�o�w�i�n�g� �f�l�o�c�c�u�l�a�t�i�o�n�,� �a� �s�e�d�i�m�e�n�t�a�t�i�o�n� �p�h�a�s�e� �m�a�y� �b�e� �u�s�e�d� �t�o� �i�s�o�l�a�t�e� �f�l�o�c�c�u�l�a�t�e�d� 

�p�a�r�t�i�c�l�e�s� �f�o�r� �r�e�m�o�v�a�l�.� �A�s� �t�h�e� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �w�a�t�e�r� �i�s� �d�e�c�r�e�a�s�e�d�,� �p�a�r�t�i�c�l�e�s� �s�e�t�t�l�e� �t�o� �t�h�e� 

�b�o�t�t�o�m� �o�f� �t�h�e� �s�e�d�i�m�e�n�t�a�t�i�o�n� �b�a�s�i�n�.� �T�h�e� �s�e�t�t�l�e�d� �p�a�r�t�i�c�l�e�s� �f�o�r�m� �a� �s�l�u�d�g�e� �t�h�a�t� �i�s� �r�e�m�o�v�e�d� 

�f�r�o�m� �t�h�e� �s�e�d�i�m�e�n�t�a�t�i�o�n� �b�a�s�i�n� �v�i�a� �s�o�m�e� �s�e�w�e�r� �m�e�c�h�a�n�i�s�m�.� �T�h�e� �c�l�a�r�i�f�i�e�d� �o�r� �s�u�p�e�r�n�a�t�a�n�t� 

�w�a�t�e�r� �t�h�e�n� �f�l�o�w�s� �t�o� �a� �f�i�l�t�r�a�t�i�o�n� �p�r�o�c�e�s�s�.� 

�S�e�v�e�r�a�l� �c�h�o�i�c�e�s� �e�x�i�s�t� �f�o�r� �f�i�l�t�r�a�t�i�o�n� �t�e�c�h�n�o�l�o�g�y�.� �T�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �f�i�l�t�r�a�t�i�o�n� 

�t�e�c�h�n�o�l�o�g�y�,� �t�h�a�t� �i�n�c�l�u�d�e�s� �c�o�a�g�u�l�a�t�i�o�n� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l�s�,� �r�a�p�i�d� �m�i�x�i�n�g�,� 

�f�l�o�c�c�u�l�a�t�i�o�n� �a�n�d� �s�e�d�i�m�e�n�t�a�t�i�o�n�,� �a�n�d� �g�r�a�n�u�l�a�r� �m�e�d�i�a� �f�i�l�t�r�a�t�i�o�n�,� �i�s� �t�h�e� �m�o�s�t� �a�d�a�p�t�a�b�l�e� �a�n�d� 

�c�o�m�m�o�n�l�y� �a�v�a�i�l�a�b�l�e� �s�y�s�t�e�m�.� �I�t� �i�s�,� �h�o�w�e�v�e�r�,� �u�s�u�a�l�l�y� �n�o�t� �a�p�p�r�o�p�r�i�a�t�e� �o�r� �e�c�o�n�o�m�i�c�a�l�l�y� 

�f�e�a�s�i�b�l�e� �f�o�r� �v�e�r�y� �s�m�a�l�l� �w�a�t�e�r� �s�y�s�t�e�m�s� �s�u�c�h� �a�s� �t�h�o�s�e� �f�o�u�n�d� �i�n� �t�h�e� �V�i�r�g�i�n�i�a� �c�o�a�l�f�i�e�l�d�s�.� �F�o�r� 

�t�h�i�s� �r�e�a�s�o�n�,� �p�a�c�k�a�g�e� �p�l�a�n�t�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �a� �c�o�s�t�-�e�f�f�e�c�t�i�v�e� �a�l�t�e�r�n�a�t�i�v�e�.� �T�h�e�y� �s�i�m�p�l�i�f�y� 

�o�p�e�r�a�t�i�o�n� �b�y� �e�m�p�l�o�y�i�n�g� �a�u�t�o�m�a�t�i�c� �c�h�e�m�i�c�a�l� �f�e�e�d� �c�o�n�t�r�o�l� �s�y�s�t�e�m�s�.� 
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�A�s�s�e�m�b�l�e�d� �i�n� �a� �f�a�c�t�o�r�y�,� �p�a�c�k�a�g�e� �p�l�a�n�t�s� �a�r�e� �t�r�e�a�t�m�e�n�t� �u�n�i�t�s� �s�h�i�p�p�e�d� �a�s� �c�o�m�p�o�n�e�n�t� 

�u�n�i�t�s�.� �A�t� �t�h�e� �d�e�s�t�i�n�a�t�i�o�n�,� �c�o�m�p�o�n�e�n�t� �u�n�i�t�s� �a�r�e� �a�s�s�e�m�b�l�e�d� �t�o� �f�o�r�m� �t�h�e� �c�o�m�p�l�e�t�e� �u�n�i�t�.� 

�M�o�s�t� �w�i�d�e�l�y� �u�s�e�d� �t�o� �t�r�e�a�t� �s�u�r�f�a�c�e� �w�a�t�e�r� �s�u�p�p�l�i�e�s�,� �p�a�c�k�a�g�e� �p�l�a�n�t�s� �c�a�n� �r�e�m�o�v�e� �t�u�r�b�i�d�i�t�y�,� 

�c�o�l�o�r�,� �a�n�d� �c�o�l�i�f�o�r�m� �o�r�g�a�n�i�s�m�s� �w�i�t�h� �f�i�l�t�r�a�t�i�o�n� �p�r�o�c�e�s�s�e�s�.� �S�o�m�e� �c�a�n� �a�l�s�o� �r�e�m�o�v�e� �i�n�o�r�g�a�n�i�c� 

�a�n�d� �o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s�.� �T�h�e�s�e� �p�l�a�n�t�s�,� �h�o�w�e�v�e�r�,� �c�a�n� �r�e�q�u�i�r�e� �a� �h�i�g�h� �l�e�v�e�l� �o�f� �o�p�e�r�a�t�i�o�n�a�l� 

�s�k�i�l�l� �a�n�d� �o�p�e�r�a�t�o�r� �a�t�t�e�n�t�i�o�n� �w�h�e�n� �t�h�e� �t�u�r�b�i�d�i�t�y� �o�f� �t�h�e� �r�a�w� �w�a�t�e�r� �v�a�r�i�e�s� �g�r�e�a�t�l�y�.� 

�T�h�r�e�e� �b�a�s�i�c� �t�y�p�e�s� �o�f� �p�a�c�k�a�g�e� �p�l�a�n�t�s� �a�r�e� �a�v�a�i�l�a�b�l�e�.� �F�i�r�s�t�,� �c�o�n�v�e�n�t�i�o�n�a�l� �p�a�c�k�a�g�e� 

�p�l�a�n�t�s� �c�o�n�t�a�i�n� �c�o�n�v�e�n�t�i�o�n�a�l� �p�r�o�c�e�s�s�e�s� �o�f� �c�o�a�g�u�l�a�t�i�o�n�,� �f�l�o�c�c�u�l�a�t�i�o�n�,� �s�e�d�i�m�e�n�t�a�t�i�o�n�,� �a�n�d� 

�f�i�l�t�r�a�t�i�o�n�.� �S�e�c�o�n�d�,� �t�u�b�e�-�t�y�p�e� �c�l�a�r�i�f�i�e�r� �p�a�c�k�a�g�e� �p�l�a�n�t�s� �u�s�e� �s�e�t�t�l�e�r�s� �t�o� �r�e�d�u�c�e� �s�e�t�t�l�i�n�g� 

�d�e�t�e�n�t�i�o�n� �t�i�m�e�.� �T�h�i�r�d�,� �a�b�s�o�r�p�t�i�o�n� �c�l�a�r�i�f�i�e�r� �p�a�c�k�a�g�e� �p�l�a�n�t�s� �c�o�m�b�i�n�e� �t�h�e� �f�l�o�c�c�u�l�a�t�i�o�n� �a�n�d� 

�s�e�d�i�m�e�n�t�a�t�i�o�n� �b�a�s�i�n� �s�t�e�p�s� �b�y� �e�m�p�l�o�y�i�n�g� �a� �c�o�n�t�a�c�t� �b�e�d� �w�i�t�h� �p�l�a�s�t�i�c� �b�e�a�d� �m�e�d�i�a� �(�a�n� 

�a�b�s�o�r�p�t�i�o�n� �c�l�a�r�i�f�i�e�r�)�.� �T�h�e�y� �a�l�s�o� �u�s�e� �a� �m�i�x�e�d� �m�e�d�i�a� �f�i�l�t�e�r� �t�o� �c�o�m�p�l�e�t�e� �t�h�e� �t�r�e�a�t�m�e�n�t�.� 

�(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �3�4�)�.� 

�T�a�b�l�e� �3�.�5� �s�u�m�m�a�r�i�z�e�s� �o�t�h�e�r� �f�i�l�t�r�a�t�i�o�n� �t�e�c�h�n�o�l�o�g�i�e�s� �t�h�a�t� �c�a�n� �b�e� �s�u�i�t�a�b�l�e� �f�o�r� �s�m�a�l�l� 

�w�a�t�e�r� �s�y�s�t�e�m�s� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �d�i�s�a�d�v�a�n�t�a�g�e�s�.� �T�h�e� �f�i�r�s�t� �o�f� �t�h�e�s�e�,� �s�l�o�w� �s�a�n�d� 

�f�i�l�t�r�a�t�i�o�n�,� �i�s� �t�h�e� �o�l�d�e�s�t� �t�y�p�e� �o�f� �m�u�n�i�c�i�p�a�l� �w�a�t�e�r� �f�i�l�t�r�a�t�i�o�n�.� �I�t� �c�o�n�s�i�s�t�s� �o�f� �a� �l�a�y�e�r� �o�f� �f�i�n�e� 

�s�a�n�d� �s�u�p�p�o�r�t�e�d� �b�y� �a� �l�a�y�e�r� �o�f� �g�r�a�d�e�d� �g�r�a�v�e�l�.� 

�W�i�d�e�l�y� �u�s�e�d� �f�o�r� �f�i�l�t�e�r�i�n�g� �s�w�i�m�m�i�n�g� �p�o�o�l� �w�a�t�e�r�s�,� �d�i�a�t�o�m�a�c�e�o�u�s� �e�a�r�t�h� �(�D�E�)� 

�f�i�l�t�r�a�t�i�o�n� �h�a�s� �a�l�s�o� �b�e�e�n� �u�s�e�d� �s�u�c�c�e�s�s�f�u�l�l�y� �t�o� �r�e�m�o�v�e� �t�u�r�b�i�d�i�t�y� �a�n�d� �G�i�a�r�d�i�a� �c�y�s�t�s� �f�r�o�m� 

�d�r�i�n�k�i�n�g� �w�a�t�e�r�.� �D�E� �f�i�l�t�e�r�s� �u�s�e� �a� �v�e�r�y� �t�h�i�n� �l�a�y�e�r� �o�f� �d�i�a�t�o�m�a�c�e�o�u�s� �e�a�r�t�h� �a�s� �a� �f�i�l�t�e�r� �m�a�t�e�r�i�a�l�.� 

�T�h�e� �d�i�a�t�o�m�a�c�e�o�u�s� �e�a�r�t�h� �i�s� �c�o�a�t�e�d� �o�n� �a� �p�o�r�o�u�s� �s�e�p�t�u�m� �o�r� �a� �f�i�l�t�e�r� �e�l�e�m�e�n�t�.� �T�h�e� �p�o�r�o�u�s� 

�s�e�p�t�u�m� �o�p�e�r�a�t�e�s� �i�n� �a� �p�r�e�s�s�u�r�e� �v�e�s�s�e�l� �o�r� �u�n�d�e�r� �a� �v�a�c�u�u�m� �i�n� �a�n� �o�p�e�n� �v�e�s�s�e�l�.� 

�A�l�s�o� �k�n�o�w�n� �a�s� �u�l�t�r�a�f�i�l�t�r�a�t�i�o�n�,� �t�h�e� �t�h�i�r�d� �l�i�s�t�e�d� �p�r�o�c�e�s�s�,� �m�e�m�b�r�a�n�e� �f�i�l�t�r�a�t�i�o�n�,� �u�s�e�s� 

�h�o�l�l�o�w� �f�i�b�e�r� �m�e�m�b�r�a�n�e�s� �t�o� �r�e�m�o�v�e� �s�o�l�i�d�s� �f�r�o�m� �w�a�t�e�r�.� �T�r�a�d�i�t�i�o�n�a�l� �m�e�m�b�r�a�n�e� �f�i�l�t�e�r�s� �f�e�e�d� 

�w�a�t�e�r� �t�o� �t�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �f�i�l�t�e�r� �m�e�m�b�r�a�n�e�,� �w�i�t�h� �t�h�e� �f�i�l�t�r�a�t�e� �o�r� �f�i�l�t�e�r�e�d� �w�a�t�e�r� �e�m�e�r�g�i�n�g� �o�n� 

�t�h�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� �m�e�m�b�r�a�n�e�.� �M�o�r�e� �i�n�n�o�v�a�t�i�v�e� �m�e�m�b�r�a�n�e� �f�i�l�t�e�r�s�,� �h�o�w�e�v�e�r�,� �c�a�n� �p�a�s�s� 

�i�n�f�l�u�e�n�t� �t�o� �e�i�t�h�e�r� �t�h�e� �i�n�s�i�d�e� �o�r� �t�h�e� �o�u�t�s�i�d�e� �o�f� �t�h�e� �m�e�m�b�r�a�n�e�.� �C�o�n�t�a�i�n�e�d� �i�n� �a� �p�r�e�s�s�u�r�e� 

�v�e�s�s�e�l� �o�r� �c�a�r�t�r�i�d�g�e�,� �t�h�e� �h�o�l�l�o�w� �f�i�b�e�r� �m�e�m�b�r�a�n�e�s� �c�o�l�l�e�c�t� �c�o�n�t�a�m�i�n�a�n�t�s� �o�n� �i�t�s� �e�n�d�.� �T�h�e� 

�w�a�s�t�e� �i�s� �t�h�e�n� �f�l�u�s�h�e�d� �o�u�t� �b�y� �a� �r�e�v�e�r�s�a�l� �o�f� �w�a�t�e�r� �f�l�o�w�.� 
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�T�a�b�l�e� �3�.�5�:� �A�d�v�a�n�t�a�g�e�s� �a�n�d� �D�i�s�a�d�v�a�n�t�a�g�e�s� �o�f� �F�i�l�t�r�a�t�i�o�n� �T�e�c�h�n�o�l�o�g�i�e�s� �S�u�i�t�a�b�l�e� �f�o�r� 
�S�m�a�l�l� �S�y�s�t�e�m�s� 

� � � � � � � �F�i�l�t�r�a�t�i�o�n� �T�e�c�h�n�o�l�o�g�y� �|� �B�U�M� �e�t�e�)� �D�i�s�a�d�v�a�n�t�a�g�e�s� 

� � � � � � � 
�S�l�o�w� �S�a�n�d� �a�.� �S�i�m�p�l�e� �a�n�d� �r�e�l�i�a�b�l�e� �o�p�e�r�a�t�i�o�n� �a�.� �N�o�t� �s�u�i�t�a�b�l�e� �f�o�r� �w�a�t�e�r� �w�i�t�h� �h�i�g�h� 

�b�.� �L�o�w� �C�o�s�t� �t�u�r�b�i�d�i�t�y� 
�c�.� �A�b�i�l�i�t�y� �t�o� �a�c�h�i�e�v�e� �g�r�e�a�t�e�r� �t�h�a�n� �b�.� �H�i�g�h� �m�a�i�n�t�e�n�a�n�c�e� �n�e�e�d�s� �o�f� �f�i�l�t�e�r� 

�9�9�.�9�%� �G�i�a�r�d�i�a� �c�y�s�t� �r�e�m�o�v�a�l� �s�u�r�f�a�c�e�s� 

�D�i�a�t�o�m�a�c�e�o�u�s� �e�a�r�t�h� �C�o�m�p�a�c�t� �s�i�z�e� �a�.� �M�o�s�t� �s�u�i�t�a�b�l�e� �f�o�r� �r�a�w� �w�a�t�e�r� �w�i�t�h� 
�.� �S�i�m�p�l�e� �o�p�e�r�a�t�i�o�n� �l�o�w� �b�a�c�t�e�r�i�a�l� �c�o�u�n�t�s� �a�n�d� �l�o�w� 

�c�.� �E�x�c�e�l�l�e�n�t� �c�y�s�t� �&� �t�u�r�b�i�d�i�t�y� �r�e�m�o�v�a�l� �t�u�r�b�i�d�i�t�y� �(�<�<� �1�0� �N�T�U�)� 
�b�.� �R�e�q�u�i�r�e�s� �c�o�a�g�u�l�a�n�t� �&� �f�i�l�t�e�r� �a�i�d�s� 

�f�o�r� �e�f�f�e�c�t�i�v�e� �v�i�r�u�s� �r�e�m�o�v�a�l� 
�c�.� �C�a�n� �b�e� �d�i�f�f�i�c�u�l�t� �t�o� �m�a�i�n�t�a�i�n� 

�c�o�m�p�l�e�t�e� �&� �u�n�i�f�o�r�m� �t�h�i�c�k�n�e�s�s� �o�f� 
�d�i�a�t�o�m�a�c�e�o�u�s� �e�a�r�t�h� �o�n� �f�i�l�t�e�r� 
�s�e�p�t�u�m� 

�o
�f
� 

�M�e�m�b�r�a�n�e� �a�.� �E�x�t�r�e�m�e�l�y� �c�o�m�p�a�c�t� �a�.� �L�i�t�t�l�e� �a�v�a�i�l�a�b�l�e� �i�n�f�o�r�m�a�t�i�o�n� �t�o� 
�b�.� �A�u�t�o�m�a�t�e�d� �e�s�t�a�b�l�i�s�h� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �o�r� 

�o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� 
�b�.� �M�o�s�t� �s�u�i�t�a�b�l�e� �f�o�r� �r�a�w� �w�a�t�e�r� �w�i�t�h� 

�l�e�s�s� �t�h�a�n� �1� �N�T�U�.� �U�s�u�a�l�l�y� �m�u�s�t� �b�e� 
�p�r�e�c�e�d�e�d� �b�y� �h�i�g�h� �l�e�v�e�l�s� �o�f� 
�p�r�e�t�r�e�a�t�m�e�n�t� 

�c�.� �E�a�s�i�l�y� �c�l�o�g�g�e�d� �w�i�t�h� �c�o�l�l�o�i�d�s� �a�n�d� 
�a�l�g�a�e� 

�d�.� �S�h�o�r�t� �f�i�l�t�e�r� �r�u�n�s� 
�e�.� �C�o�n�c�e�r�n�s� �a�b�o�u�t� �m�e�m�b�r�a�n�e� �f�a�i�l�u�r�e� 
�f�.� �C�o�m�p�l�e�x� �r�e�p�a�i�r�s� �o�f� �a�u�t�o�m�a�t�e�d� 

�c�o�n�t�r�o�l�s� 
�e�.� �H�i�g�h� �p�e�r�c�e�n�t�a�g�e� �o�f� �w�a�t�e�r� �l�o�s�t� �i�n� 

�b�a�c�k�f�l�u�s�h�i�n�g� 

�C�a�r�t�r�i�d�g�e� �a�.� �E�a�s�y� �t�o� �o�p�e�r�a�t�i�o�n� �a�n�d� �m�a�i�n�t�a�i�n� �a�.� �L�i�t�t�l�e� �a�v�a�i�l�a�b�l�e� �i�n�f�o�r�m�a�t�i�o�n� �t�o� 
�e�s�t�a�b�l�i�s�h� �d�e�s�i�g�n� �c�r�i�t�e�r�i�a� �o�r� 
�o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� 

�b�.� �C�a�n� �b�e� �q�u�i�c�k�l�y� �c�l�o�g�g�e�d� �b�y� �a�l�g�a�e� 
�a�n�d� �c�o�l�l�o�i�d�s� 

�c�.� �R�e�q�u�i�r�e�s� �l�o�w� �t�u�r�b�i�d�i�t�y� �i�n�f�l�u�e�n�t� 
�d�.� �C�a�n� �r�e�q�u�i�r�e� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� 

�o�p�e�r�a�t�i�n�g� �b�u�d�g�e�t� � � � � � � 

�S�o�u�r�c�e�:� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �3�1�.� 

�I�n�s�t�e�a�d� �o�f� �f�i�b�e�r�s�,� �c�a�r�t�r�i�d�g�e� �f�i�l�t�e�r�s� �c�o�n�s�i�s�t� �o�f� �c�e�r�a�m�i�c� �o�r� �p�o�l�y�p�r�o�p�y�l�e�n�e� �f�i�l�t�e�r� 

�e�l�e�m�e�n�t�s�.� �T�h�e� �l�a�t�t�e�r� �a�r�e� �p�a�c�k�e�d� �i�n�t�o� �p�r�e�s�s�u�r�i�z�e�d� �h�o�u�s�i�n�g�s�.� �C�a�r�t�r�i�d�g�e� �f�i�l�t�e�r�s� �e�m�p�l�o�y� �a� 
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�p�h�y�s�i�c�a�l� �p�r�o�c�e�s�s� �f�o�r� �f�i�l�t�r�a�t�i�o�n� �t�h�a�t� �s�t�r�a�i�n�s� �w�a�t�e�r� �t�h�r�o�u�g�h� �p�o�r�o�u�s� �m�e�d�i�a�.� �C�e�r�a�m�i�c� �f�i�l�t�e�r�s� 

�m�a�y� �b�e� �u�s�e�d� �f�o�r� �r�e�p�e�a�t�e�d� �f�i�l�t�e�r� �c�y�c�l�e�s� �a�f�t�e�r� �c�l�e�a�n�i�n�g�,� �w�h�i�l�e� �p�o�l�y�p�r�o�p�y�l�e�n�e� �c�a�r�t�r�i�d�g�e�s� �t�e�n�d� 

�t�o� �f�o�u�l� �q�u�i�c�k�l�y� �a�n�d� �m�u�s�t� �b�e� �r�e�p�l�a�c�e�d� �w�i�t�h� �n�e�w� �u�n�i�t�s�.� 

�A�n�o�t�h�e�r� �e�x�a�m�p�l�e� �o�f� �l�o�w�-�c�o�s�t� �f�i�l�t�r�a�t�i�o�n� �t�e�c�h�n�o�l�o�g�y�,� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �s�o�m�e� �s�m�a�l�l� 

�s�y�s�t�e�m�s�,� �i�s� �t�h�e� �s�y�s�t�e�m� �d�e�v�e�l�o�p�e�d� �b�y� �t�h�e� �3�M� �C�o�m�p�a�n�y�.� �I�t� �u�s�e�s� �d�i�s�p�o�s�a�b�l�e� �f�i�l�t�e�r� �b�a�g�s� 

�m�a�d�e� �o�f� �p�o�l�y�p�r�o�p�y�l�e�n�e� �f�i�b�e�r�s� �t�h�a�t� �c�a�n� �r�e�m�o�v�e� �G�i�a�r�d�i�a� �c�y�s�t�s� �f�r�o�m� �d�r�i�n�k�i�n�g� �w�a�t�e�r�.� 

�C�o�m�b�i�n�e�d� �w�i�t�h� �d�i�s�i�n�f�e�c�t�i�o�n� �t�e�c�h�n�o�l�o�g�y�,� �t�h�e�s�e� �f�i�l�t�e�r�s� �h�a�v�e� �b�e�e�n� �s�u�c�c�e�s�s�f�u�l� �i�n� �s�e�v�e�r�a�l� 

�s�t�a�t�e�s� �f�o�r� �t�r�e�a�t�i�n�g� �w�a�t�e�r� �f�r�o�m� �s�u�r�f�a�c�e� �s�o�u�r�c�e�s� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �3�6�)�.� 

�D�i�s�i�n�f�e�c�t�i�o�n� 

�D�i�s�i�n�f�e�c�t�i�o�n� �i�s� �a� �p�r�o�c�e�s�s� �r�e�q�u�i�r�e�d� �b�y� �t�h�e� �E�P�A ��s� �S�u�r�f�a�c�e� �W�a�t�e�r� �T�r�e�a�t�m�e�n�t� 

�R�e�q�u�i�r�e�m�e�n�t�s�,� �e�f�f�e�c�t�i�v�e� �D�e�c�e�m�b�e�r� �3�1�,� �1�9�9�0� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �1�7�)�.� �T�h�e�s�e� 

�r�e�q�u�i�r�e�m�e�n�t�s� �a�p�p�l�y� �t�o� �p�u�b�l�i�c� �w�a�t�e�r� �s�y�s�t�e�m�s� �u�s�i�n�g� �s�u�r�f�a�c�e� �a�n�d� �g�r�o�u�n�d�w�a�t�e�r� �s�o�u�r�c�e�s� �u�n�d�e�r� 

�t�h�e� �d�i�r�e�c�t� �i�n�f�l�u�e�n�c�e� �o�f� �s�u�r�f�a�c�e� �w�a�t�e�r�.� �T�h�e�i�r� �p�u�r�p�o�s�e� �i�s� �t�o� �c�o�n�t�r�o�l� �m�i�c�r�o�b�i�o�l�o�g�i�c�a�l� 

�c�o�n�t�a�m�i�n�a�n�t�s� �s�u�c�h� �a�s� �G�i�a�r�d�i�a� �c�y�s�t�s� �a�n�d� �v�i�r�u�s�e�s�.� 

�D�i�s�i�n�f�e�c�t�i�o�n� �i�s� �t�h�e� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s� �t�h�a�t� �d�e�s�t�r�o�y�s� �t�h�e�s�e� �d�i�s�e�a�s�e�-�c�a�u�s�i�n�g� 

�o�r�g�a�n�i�s�m�s�.� �P�r�i�m�a�r�y� �d�i�s�i�n�f�e�c�t�i�o�n� �i�s� �t�h�e� �t�r�e�a�t�m�e�n�t� �p�h�a�s�e� �o�f� �t�h�e� �p�r�o�c�e�s�s� �t�h�a�t� �i�n�a�c�t�i�v�a�t�e�s� 

�G�i�a�r�d�i�a� �c�y�s�t�s�,� �b�a�c�t�e�r�i�a�,� �a�n�d� �v�i�r�u�s�e�s� �i�n� �r�a�w� �w�a�t�e�r�.� �S�e�c�o�n�d�a�r�y� �d�i�s�i�n�f�e�c�t�i�o�n� �m�a�i�n�t�a�i�n�s� �a� 

�d�i�s�i�n�f�e�c�t�a�n�t� �r�e�s�i�d�u�a�l� �t�h�a�t� �p�r�e�v�e�n�t�s� �t�h�e� �r�e�g�r�o�w�t�h� �o�f� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �i�n� �d�i�s�t�r�i�b�u�t�i�o�n� �w�a�t�e�r�.� 

�T�h�e� �m�o�s�t� �c�o�m�m�o�n� �m�e�t�h�o�d� �o�f� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �d�i�s�i�n�f�e�c�t�i�o�n� �i�s� �c�h�l�o�r�i�n�a�t�i�o�n�.� �T�h�e� 

�l�a�t�t�e�r� �i�s� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �c�h�l�o�r�i�n�e� �i�n�t�o� �r�a�w� �w�a�t�e�r�.� �C�h�l�o�r�i�n�a�t�i�o�n� �k�i�l�l�s� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� 

�t�h�r�o�u�g�h� �c�o�m�p�l�e�x� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�s�.� �T�h�e� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �d�i�s�a�d�v�a�n�t�a�g�e�s� �o�f� �c�h�l�o�r�i�n�a�t�i�o�n� 

�a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �T�a�b�l�e� �3�.�6�.� 

�4�1



�T�a�b�l�e� �3�.�6�:� �A�d�v�a�n�t�a�g�e�s� �a�n�d� �D�i�s�a�d�v�a�n�t�a�g�e�s� �o�f� �D�i�s�i�n�f�e�c�t�a�n�t�s� �S�u�i�t�a�b�l�e� �f�o�r� �S�m�a�l�l� �W�a�t�e�r� 
�S�y�s�t�e�m�s� 

� � 

�W�i�r�e�s� �P�e�e�r� �D�i�s�a�d�v�a�n�t�a�g�e�s� 

�C�h�l�o�r�i�n�e� �a�.� �W�i�d�e�l�y� �u�s�e�d�;� �h�a�s� �a� �p�r�o�v�e�n� �h�i�s�t�o�r�y� �o�f� �a�.� �P�o�t�e�n�t�i�a�l� �f�o�r� �h�a�r�m�f�u�l� �b�y�-�p�r�o�d�u�c�t�s� �u�n�d�e�r� 
�e�f�f�e�c�t�i�v�e�n�e�s�s� �a�g�a�i�n�s�t� �w�a�t�e�r�b�o�r�n�e� �d�i�s�e�a�s�e� �c�e�r�t�a�i�n� �c�o�n�d�i�t�i�o�n�s� 

�b�.� �H�a�s� �a� �v�a�r�i�e�t�y� �o�f� �a�p�p�l�i�c�a�t�i�o�n� �p�o�i�n�t�s� 
�c�.� �C�a�n� �b�e� �e�a�s�i�l�y� �t�e�s�t�e�d� �t�h�r�o�u�g�h�o�u�t� �t�h�e� 

�w�a�t�e�r� �s�y�s�t�e�m� 

�d�.� �C�a�n� �b�e� �b�o�t�h� �p�r�i�m�a�r�y� �a�n�d� �s�e�c�o�n�d�a�r�y� 
�d�i�s�i�n�f�e�c�t�a�n�t� 

�e�.� �I�n�e�x�p�e�n�s�i�v�e� 

�O�z�o�n�e� �a�.� �V�e�r�y� �e�f�f�e�c�t�i�v�e� �a�.� �R�e�l�a�t�i�v�e�l�y� �h�i�g�h� �c�o�s�t� 
�M�i�n�i�m�a�l� �h�a�r�m�f�u�l� �b�y�-�p�r�o�d�u�c�t�s� �i�d�e�n�t�i�f�i�e�d� �.� �M�o�r�e� �c�o�m�p�l�e�x� �o�p�e�r�a�t�i�o�n�s� 
�t�o� �d�a�t�e� �c�.� �R�e�q�u�i�r�e�s� �a� �s�e�c�o�n�d�a�r�y� �d�i�s�i�n�f�e�c�t�a�n�t� 

�z
� 

�s
� 

�U�l�t�r�a�v�i�o�l�e�t� �a�.� �V�e�r�y� �e�f�f�e�c�t�i�v�e� �f�o�r� �v�i�r�u�s�e�s� �a�n�d� �b�a�c�t�e�r�i�a� �.� �I�n�a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �s�u�r�f�a�c�e� �w�a�t�e�r� 
�R�a�d�i�a�t�i�o�n� �b�.� �N�o� �k�n�o�w�n� �h�a�r�m�f�u�l� �r�e�s�i�d�u�a�l�s� �b�.� �R�e�q�u�i�r�e�s� �s�e�c�o�n�d�a�r�y� �d�i�s�i�n�f�e�c�t�a�n�t� 

�c�.� �S�i�m�p�l�e� �O�&�M� �f�o�r� �h�i�g�h� �q�u�a�l�i�t�y� �w�a�t�e�r� 
�d�.� �R�e�a�d�i�l�y� �a�v�a�i�l�a�b�l�e� 

�S�o�u�r�c�e�:� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �3�8�.� 

�&
� � � � � � � 

�O�t�h�e�r� �d�i�s�i�n�f�e�c�t�a�n�t�s� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �s�m�a�l�l� �w�a�t�e�r� �s�y�s�t�e�m�s� �i�n�c�l�u�d�e� �o�z�o�n�e� �a�n�d� 

�u�l�t�r�a�v�i�o�l�e�t� �(�U�V�)� �r�a�d�i�a�t�i�o�n�.� �T�h�e�i�r� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �d�i�s�a�d�v�a�n�t�a�g�e�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �T�a�b�l�e� 

�3�.�6�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �o�z�o�n�a�t�i�o�n� �i�s� �a� �d�i�s�i�n�f�e�c�t�i�o�n� �p�r�o�c�e�s�s� �w�i�d�e�l�y� �u�s�e�d� �i�n� �o�t�h�e�r� �c�o�u�n�t�r�i�e�s�.� 

�O�z�o�n�e� �(�O�3�)�,� �h�o�w�e�v�e�r�,� �i�s� �r�e�l�a�t�i�v�e�l�y� �n�e�w� �t�o� �t�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s� �a�s� �a� �d�r�i�n�k�i�n�g� �w�a�t�e�r� 

�d�i�s�i�n�f�e�c�t�a�n�t� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �4�1�)�.� �A�s� �a� �p�o�w�e�r�f�u�l� �d�i�s�i�n�f�e�c�t�a�n�t�,� �o�z�o�n�e� �r�e�q�u�i�r�e�s� 

�s�h�o�r�t�e�r� �c�o�n�t�a�c�t� �t�i�m�e� �t�h�a�n� �c�h�l�o�r�i�n�e� �f�o�r� �d�i�s�i�n�f�e�c�t�i�o�n�.� �I�t� �i�s� �f�o�r�m�e�d� �w�h�e�n� �a�i�r� �c�o�n�t�a�i�n�i�n�g� 

�o�x�y�g�e�n� �f�l�o�w�s� �b�e�t�w�e�e�n� �t�w�o� �e�l�e�c�t�r�o�d�e�s�.� �P�u�r�e� �o�x�y�g�e�n� �o�r� �a�m�b�i�e�n�t� �a�i�r� �c�a�n� �b�e� �u�s�e�d� �i�n� �o�z�o�n�e� 

�p�r�o�d�u�c�t�i�o�n�.� �P�a�c�k�a�g�e�d� �o�z�o�n�e� �g�e�n�e�r�a�t�o�r� �s�y�s�t�e�m�s� �u�s�i�n�g� �o�x�y�g�e�n� �t�o� �p�r�o�d�u�c�e� �o�z�o�n�e� �a�r�e� 

�a�v�a�i�l�a�b�l�e� �f�o�r� �s�m�a�l�l� �w�a�t�e�r� �s�y�s�t�e�m�s�.� 

�C�a�p�i�t�a�l� �c�o�s�t�s� �f�o�r� �o�z�o�n�a�t�i�o�n� �s�y�s�t�e�m�s� �c�a�n� �b�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h�.� �O�p�e�r�a�t�i�o�n� �a�n�d� 

�m�a�i�n�t�e�n�a�n�c�e� �c�a�n� �b�e� �c�o�m�p�l�e�x�.� �E�l�e�c�t�r�i�c�i�t�y� �i�s� �a� �m�a�j�o�r� �p�a�r�t� �o�f� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s�,� �r�e�p�r�e�s�e�n�t�i�n�g� 

�2�6� �t�o� �4�3� �p�e�r�c�e�n�t� �o�f� �t�o�t�a�l� �o�p�e�r�a�t�i�n�g� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �c�o�s�t�s� �f�o�r� �s�m�a�l�l� �p�l�a�n�t�s� �(�E�P�A�/�6�2�5�/�5�-� 

�9�0�/�0�2�5�,� �1�9�9�0�:� �4�2�)�.� �C�o�s�t�s� �f�i�g�u�r�e�s� �f�o�r� �t�h�i�s� �s�y�s�t�e�m�,� �a�l�o�n�g� �w�i�t�h� �o�t�h�e�r�s�,� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� 

�t�o�w�a�r�d�s� �t�h�e� �e�n�d� �o�f� �t�h�e� �c�h�a�p�t�e�r�.� 

�4�2



�T�h�e� �t�h�i�r�d� �t�y�p�e� �o�f� �d�i�s�i�n�f�e�c�t�i�o�n� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �s�m�a�l�l� �s�y�s�t�e�m�s� �i�s� �u�l�t�r�a�v�i�o�l�e�t� 

�r�a�d�i�a�t�i�o�n� �(�U�V�)�.� �T�h�e� �l�a�t�t�e�r� �i�s� �g�e�n�e�r�a�t�e�d� �b�y� �a� �s�p�e�c�i�a�l� �l�a�m�p�.� �U�l�t�r�a�v�i�o�l�e�t� �r�a�d�i�a�t�i�o�n� �k�i�l�l�s� 

�o�r�g�a�n�i�s�m�s� �b�y� �p�e�n�e�t�r�a�t�i�n�g� �c�e�l�l� �w�a�l�l�s� �a�n�d� �d�e�s�t�r�o�y�i�n�g� �t�h�e�i�r� �g�e�n�e�t�i�c� �m�a�t�e�r�i�a�l�.� �A�l�t�h�o�u�g�h� �U�V� 

�e�f�f�e�c�t�i�v�e�l�y� �k�i�l�l�s� �b�a�c�t�e�r�i�a� �a�n�d� �v�i�r�u�s�e�s�,� �i�t� �d�o�e�s� �n�o�t� �i�n�a�c�t�i�v�a�t�e� �G�i�a�r�d�i�a� �c�y�s�t�s�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� 

�U�V� �i�s� �o�n�l�y� �r�e�c�o�m�m�e�n�d�e�d� �f�o�r� �g�r�o�u�n�d�w�a�t�e�r� �n�o�t� �d�i�r�e�c�t�l�y� �a�f�f�e�c�t�e�d� �b�y� �s�u�r�f�a�c�e� �w�a�t�e�r�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �i�t� �r�e�q�u�i�r�e�s� �a�n� �a�d�d�i�t�i�o�n�a�l� �s�e�c�o�n�d�a�r�y� �d�i�s�i�n�f�e�c�t�a�n�t� �t�o� �p�r�e�v�e�n�t� �r�e�g�r�o�w�t�h� �o�f� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �i�n� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �w�a�t�e�r�.� 

�T�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� �T�r�e�a�t�i�n�g� �O�r�g�a�n�i�c� �C�o�n�t�a�m�i�n�a�n�t�s� �i�n� �D�r�i�n�k�i�n�g� �W�a�t�e�r� 

�T�e�c�h�n�o�l�o�g�i�e�s� �m�o�s�t� �s�u�i�t�a�b�l�e� �f�o�r� �o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t� �r�e�m�o�v�a�l� �i�n� �s�m�a�l�l� �w�a�t�e�r� 

�s�y�s�t�e�m�s� �c�o�n�s�i�s�t� �o�f� �g�r�a�n�u�l�a�r� �a�c�t�i�v�a�t�e�d� �c�a�r�b�o�n� �(�G�A�C�)� �a�n�d� �a�e�r�a�t�i�o�n�.� �T�h�e� �f�i�r�s�t� �m�e�t�h�o�d�,� 

�g�r�a�n�u�l�a�r� �a�c�t�i�v�a�t�e�d� �c�a�r�b�o�n�,� �r�e�m�o�v�e�s� �r�a�d�o�n� �a�n�d� �o�r�g�a�n�i�c� �c�h�e�m�i�c�a�l�s� �s�u�c�h� �a�s� �p�e�s�t�i�c�i�d�e�s�,� 

�s�o�l�v�e�n�t�s�,� �a�n�d� �t�r�i�h�a�l�o�m�e�t�h�a�n�e�s�.� �A�c�t�i�v�a�t�e�d� �c�a�r�b�o�n� �i�s� �a� �c�a�r�b�o�n� �t�h�a�t� �h�a�s� �b�e�e�n� �e�x�p�o�s�e�d� �t�o� 

�h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �c�r�e�a�t�e� �a� �v�a�s�t� �n�e�t�w�o�r�k� �o�f� �i�n�t�e�r�n�a�l� �p�o�r�e�s�.� �U�s�i�n�g� �a�n� �a�b�s�o�r�p�t�i�o�n� �p�r�o�c�e�s�s�,� 

�G�A�C� �r�e�m�o�v�e�s� �c�o�n�t�a�m�i�n�a�n�t�s� �b�y� �a�d�h�e�r�i�n�g� �d�i�s�s�o�l�v�e�d� �c�o�n�t�a�m�i�n�a�n�t�s� �t�o� �t�h�e� �p�o�r�o�u�s� �s�u�r�f�a�c�e� �o�f� 

�c�a�r�b�o�n� �p�a�r�t�i�c�l�e�s�.� �G�A�C� �i�s� �a�v�a�i�l�a�b�l�e� �i�n� �d�i�f�f�e�r�e�n�t� �g�r�a�d�e�s� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s�.� �E�v�e�n� �t�h�o�u�g�h� �l�o�w�-� 

�c�o�s�t� �c�a�r�b�o�n� �r�e�q�u�i�r�e�s� �a� �l�o�w�e�r� �i�n�i�t�i�a�l� �c�a�p�i�t�a�l� �o�u�t�l�a�y�,� �i�t� �m�u�s�t� �b�e� �r�e�p�l�a�c�e�d� �m�o�r�e� �o�f�t�e�n�,� 

�r�e�s�u�l�t�i�n�g� �i�n� �h�i�g�h�e�r� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s�.� 

�T�h�e� �s�e�c�o�n�d� �m�e�t�h�o�d�,� �a�e�r�a�t�i�o�n� �o�r� �a�i�r� �s�t�r�i�p�p�i�n�g�,� �m�i�x�e�s� �a�i�r� �w�i�t�h� �w�a�t�e�r� �t�o� �v�o�l�a�t�i�l�i�z�e� �o�r� 

�t�u�r�n� �c�o�n�t�a�m�i�n�a�n�t�s� �i�n�t�o� �v�a�p�o�r�.� �V�o�l�a�t�i�l�i�z�e�d� �c�o�n�t�a�m�i�n�a�n�t�s� �c�a�n� �b�e� �r�e�l�e�a�s�e�d� �d�i�r�e�c�t�l�y� �i�n�t�o� �t�h�e� 

�a�i�r� �o�r� �t�r�e�a�t�e�d� �b�e�f�o�r�e� �r�e�l�e�a�s�e� �i�n�t�o� �t�h�e� �a�i�r�.� �A� �s�m�a�l�l� �w�a�t�e�r� �s�y�s�t�e�m� �c�a�n� �u�s�e� �a� �s�i�m�p�l�e� �a�e�r�a�t�o�r� 

�c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m� �r�e�l�a�t�i�v�e�l�y� �c�o�m�m�o�n� �m�a�t�e�r�i�a�l�s�.� �O�t�h�e�r� �a�e�r�a�t�i�o�n� �s�y�s�t�e�m�s� �s�u�i�t�a�b�l�e� �f�o�r� �s�m�a�l�l� 

�s�y�s�t�e�m�s� �i�n�c�l�u�d�e�:� �p�a�c�k�e�d� �c�o�l�u�m�n� �a�e�r�a�t�i�o�n�;� �d�i�f�f�u�s�e�d� �a�e�r�a�t�i�o�n�;� �m�u�l�t�i�p�l�e� �t�r�a�y� �a�e�r�a�t�i�o�n�;� 

�m�e�c�h�a�n�i�c�a�l� �a�e�r�a�t�i�o�n�;� �c�a�t�e�n�a�r�y� �g�r�i�d�;� �a�n�d� �H�i�g�e�e� �a�e�r�a�t�i�o�n�.� �T�h�e� �l�a�s�t� �t�h�r�e�e� �s�y�s�t�e�m�s� �a�r�e� 

�e�m�e�r�g�i�n�g� �t�e�c�h�n�o�l�o�g�i�e�s�.� �T�h�e�s�e� �s�y�s�t�e�m�s� �o�p�e�r�a�t�e� �u�n�d�e�r� �v�a�r�y�i�n�g� �p�r�o�c�e�s�s�e�s�,� �b�u�t� �u�n�d�e�r� �t�h�e� 

�s�a�m�e� �b�a�s�i�c� �a�e�r�a�t�i�o�n� �p�r�i�n�c�i�p�l�e� �d�e�s�c�r�i�b�e�d�.� �T�a�b�l�e� �3�.�7� �c�o�m�p�a�r�e�s� �a�l�l� �t�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� 

�r�e�m�o�v�i�n�g� �o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t� �b�a�s�e�d� �o�n� �l�e�v�e�l� �o�f� �o�p�e�r�a�t�i�o�n�a�l� �s�k�i�l�l�,� �l�e�v�e�l� �o�f� �m�a�i�n�t�e�n�a�n�c�e�,� 

�a�n�d� �l�e�v�e�l� �o�f� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d�.� �M�o�r�e� �d�e�t�a�i�l�e�d�,� �t�e�c�h�n�i�c�a�l� �d�e�s�c�r�i�p�t�i�o�n�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �f�r�o�m� 

�v�a�r�i�o�u�s� �E�P�A� �p�u�b�l�i�c�a�t�i�o�n�s� �s�u�c�h� �a�s� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�.� �T�h�e�i�r� �a�s�s�o�c�i�a�t�e�d� �c�a�p�i�t�a�l� �a�n�d� 

�o�p�e�r�a�t�i�n�g� �c�o�s�t�s� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �l�a�t�e�r� �o�n�.� 
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�T�a�b�l�e� �3�.�7�:� �C�o�m�p�a�r�i�n�g� �T�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� �R�e�m�o�v�i�n�g� �O�r�g�a�n�i�c� �C�o�n�t�a�m�i�n�a�n�t�s� �S�u�i�t�a�b�l�e� 
�f�o�r� �S�m�a�l�l� �S�y�s�t�e�m�s� 

� � � � 

� � 

� � � � 

�;� �S�T�O�R� �L�e�v�e�l� �o�f� �O�a� �e�a� 
�T�e�c�h�n�o�l�o�g�y� �'� �O�p�e�r�a�t�i�o�n�a�l� �S�k�i�l�l� �M�a�i�n�t�e�n�a�n�c�e� �R�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� 

�R�e�q�u�i�r�e�d� �R�e�q�u�i�r�e�d� �O�p�e�r�a�t�i�o�n� 

�G�r�a�n�u�l�a�r� �A�c�t�i�v�a�t�e�d� �C�a�r�b�o�n� �(�G�A�C�)� �M�e�d�i�u�m� �L�o�w� �L�o�w� 

�P�a�c�k�e�d� �C�o�l�u�m�n� �A�e�r�a�t�i�o�n� �(�P�C�A�P� �L�o�w� �L�o�w� �V�a�r�i�e�s� 

�D�i�f�f�u�s�e�d� �A�e�r�a�t�i�o�n� �L�o�w� �L�o�w� �V�a�r�i�e�s� 

�M�u�l�t�i�p�l�e� �T�r�a�y� �A�e�r�a�t�i�o�n� �L�o�w� �L�o�w� �L�o�w� 

�M�e�c�h�a�n�i�c�a�l� �A�e�r�a�t�i�o�n� �L�o�w� �L�o�w� �L�o�w� 

�C�a�t�e�n�a�r�y� �G�r�i�d� �L�o�w� �L�o�w� �H�i�g�h� 

�H�i�g�e�e� �A�e�r�a�t�i�o�n� �L�o�w� �M�e�d�i�u�m� �H�i�g�h� � � � � � � 

�S�o�u�r�c�e�:� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �4�7�.� 

�T�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� �R�e�m�o�v�i�n�g� �I�n�o�r�g�a�n�i�c� �C�o�n�t�a�m�i�n�a�n�t�s� 

�T�w�o� �d�i�f�f�e�r�e�n�t� �s�t�r�a�t�e�g�i�e�s� �e�x�i�s�t� �f�o�r� �r�e�m�o�v�i�n�g� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s�.� �T�h�e� �f�i�r�s�t� 

�i�n�v�o�l�v�e�s� �p�r�e�v�e�n�t�i�n�g� �c�o�n�t�a�m�i�n�a�n�t�s� �i�n� �f�i�n�i�s�h�e�d� �w�a�t�e�r�.� �T�h�e� �s�e�c�o�n�d� �s�t�r�a�t�e�g�y� �c�o�n�s�i�s�t�s� �o�f� 

�r�e�m�o�v�i�n�g� �c�o�n�t�a�m�i�n�a�n�t�s� �f�r�o�m� �r�a�w� �w�a�t�e�r�.� �T�h�e� �s�e�c�o�n�d� �s�t�r�a�t�e�g�y� �i�n�v�o�l�v�e�s� �r�e�m�o�v�a�l� 

�t�e�c�h�n�o�l�o�g�i�e�s� �t�h�a�t� �t�r�e�a�t� �s�o�u�r�c�e� �w�a�t�e�r� �f�o�r� �m�e�t�a�l�s� �o�r� �r�a�d�i�o�a�c�t�i�v�e� �s�u�b�s�t�a�n�c�e�s� �(�s�u�c�h� �a�s� 

�r�a�d�i�o�n�u�c�l�i�d�e�s�)�.� 

�P�r�e�v�e�n�t�i�n�g� �I�n�o�r�g�a�n�i�c� �C�o�n�t�a�m�i�n�a�n�t�s�:� �C�o�r�r�o�s�i�o�n� �C�o�n�t�r�o�l� 

�T�h�e� �m�e�t�h�o�d� �f�o�r� �p�r�e�v�e�n�t�i�n�g� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s� �i�n� �f�i�n�i�s�h�e�d� �w�a�t�e�r� �i�s� �c�o�r�r�o�s�i�o�n� 

�c�o�n�t�r�o�l�.� �T�h�e� �l�a�t�t�e�r� �p�r�e�v�e�n�t�s� �a�n�d� �m�i�n�i�m�i�z�e�s� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �l�e�a�d�,� �c�o�p�p�e�r�,� �c�a�d�m�i�u�m�,� �z�i�n�c�,� 

�a�n�d� �i�r�o�n� �a�t� �t�h�e� �c�o�n�s�u�m�e�r ��s� �t�a�p�.� �T�h�e�s�e� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s� �a�r�e� �f�o�r�m�e�d� �w�h�e�n� �a� 

�s�u�b�s�t�a�n�c�e� �d�e�t�e�r�i�o�r�a�t�e�s� �b�y� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�.� �S�o�m�e� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s�,� �s�u�c�h� �a�s� �l�e�a�d� 

�a�n�d� �c�a�d�m�i�u�m�,� �a�r�e� �h�a�r�m�f�u�l� �t�o� �h�u�m�a�n� �h�e�a�l�t�h�.� �C�o�r�r�o�s�i�o�n� �a�l�s�o� �r�e�d�u�c�e�s� �t�h�e� �u�s�e�f�u�l� �l�i�f�e� �o�f� 

�w�a�t�e�r� �d�i�s�t�r�i�b�u�t�i�o�n� �s�y�s�t�e�m�s�,� �t�h�e�r�e�b�y� �r�a�i�s�i�n�g� �m�a�i�n�t�e�n�a�n�c�e� �a�n�d� �r�e�p�l�a�c�e�m�e�n�t� �c�o�s�t�s�.� �I�t� �c�a�n� 

�p�r�o�m�o�t�e� �m�i�c�r�o�o�r�g�a�n�i�s�m� �g�r�o�w�t�h�,� �r�e�s�u�l�t�i�n�g� �i�n� �o�f�f�e�n�s�i�v�e� �t�a�s�t�e�s�,� �o�d�o�r�s�,� �s�l�i�m�e�s�,� �a�n�d� �f�u�r�t�h�e�r� 

�c�o�r�r�o�s�i�o�n�.� 
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�T�h�e� �t�e�c�h�n�i�q�u�e�s� �f�o�r� �c�o�n�t�r�o�l�l�i�n�g� �c�o�r�r�o�s�i�o�n� �c�o�n�s�i�s�t� �o�f� �m�o�d�i�f�y�i�n�g� �w�a�t�e�r� �q�u�a�l�i�t�y� �a�n�d� 

�a�d�d�i�n�g� �c�o�r�r�o�s�i�o�n� �i�n�h�i�b�i�t�o�r�s� �t�o� �f�o�r�m� �p�r�o�t�e�c�t�i�v�e� �c�o�a�t�i�n�g�s� �o�v�e�r� �m�e�t�a�l�.� �T�h�e� �m�e�t�h�o�d� �f�o�r� 

�m�o�d�i�f�y�i�n�g� �w�a�t�e�r� �q�u�a�l�i�t�y� �i�s� �a�d�j�u�s�t�i�n�g� �p�H� �a�n�d� �a�l�k�a�l�i�n�i�t�y�,� �w�h�e�r�e� �p�H� �i�s� �a� �m�e�a�s�u�r�e� �o�f� 

�h�y�d�r�o�g�e�n� �i�o�n�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �w�a�t�e�r� �a�n�d� �a�l�k�a�l�i�n�i�t�y� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �w�a�t�e�r ��s� �a�b�i�l�i�t�y� �t�o� 

�n�e�u�t�r�a�l�i�z�e� �a�c�i�d�s� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �5�5�)�.� �B�e�i�n�g� �s�i�m�p�l�e� �a�n�d� �i�n�e�x�p�e�n�s�i�v�e�,� �i�t� �i�s� �t�h�e� 

�m�o�s�t� �p�o�p�u�l�a�r� �m�e�t�h�o�d� �f�o�r� �c�o�r�r�o�s�i�o�n� �c�o�n�t�r�o�l�.� �C�o�m�m�o�n�l�y� �u�s�e�d� �c�h�e�m�i�c�a�l�s� �f�o�r� �a�d�j�u�s�t�i�n�g� �p�H� 

�a�n�d� �a�l�k�a�l�i�n�i�t�y� �c�o�n�s�i�s�t� �o�f� �l�i�m�e�,� �c�a�u�s�t�i�c� �s�o�d�a�,� �s�o�d�a� �a�s�h�,� �a�n�d� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e�.� �I�n� �t�e�r�m�s� �o�f� 

�c�o�r�r�o�s�i�o�n� �i�n�h�i�b�i�t�o�r�s�,� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �s�y�s�t�e�m�s� �o�f�t�e�n� �u�s�e� �i�n�o�r�g�a�n�i�c� �p�h�o�s�p�h�a�t�e�s�,� �s�o�d�i�u�m� 

�s�i�l�i�c�a�t�e�s�,� �a�n�d� �m�i�x�t�u�r�e�s� �o�f� �p�h�o�s�p�h�a�t�e�s� �a�n�d� �s�i�l�i�c�a�t�e�s�.� 

�R�e�m�o�v�i�n�g� �I�n�o�r�g�a�n�i�c� �C�o�n�t�a�m�i�n�a�n�t�s� 

�F�o�r� �r�e�m�o�v�i�n�g� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s�,� �s�i�x� �p�r�o�c�e�s�s�e�s� �a�r�e� �s�u�i�t�a�b�l�e� �f�o�r� �s�m�a�l�l� �w�a�t�e�r� 

�s�y�s�t�e�m�s�.� �T�a�b�l�e� �3�.�8� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e�i�r� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �d�i�s�a�d�v�a�n�t�a�g�e�s�.� �T�h�e� �f�i�r�s�t� �l�i�s�t�e�d� 

�p�r�o�c�e�s�s�,� �c�o�a�g�u�l�a�t�i�o�n�/�f�i�l�t�r�a�t�i�o�n� �w�a�s� �d�e�s�c�r�i�b�e�d� �i�n� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�s�.� �T�o� �r�e�m�o�v�e� �i�n�o�r�g�a�n�i�c� 

�c�o�n�t�a�m�i�n�a�n�t�s�,� �c�o�a�g�u�l�a�t�i�o�n� �u�s�e�s� �a�l�u�m�i�n�u�m� �o�r� �i�r�o�n� �s�a�l�t�s� �t�o� �r�e�m�o�v�e� �m�o�s�t� �m�e�t�a�l� �i�o�n�s� �o�r� 

�c�o�l�l�o�i�d�a�l�l�y� �d�i�s�p�e�r�s�e�d� �c�o�m�p�o�u�n�d�s�.� �T�h�e� �l�a�t�t�e�r� �a�r�e� �f�i�n�e�l�y� �d�i�v�i�d�e�d� �s�u�b�s�t�a�n�c�e�s� �t�h�a�t� �d�o� �n�o�t� 

�s�e�t�t�l�e� �o�u�t� �o�f� �w�a�t�e�r� �f�o�r� �a� �p�r�o�l�o�n�g�e�d� �p�e�r�i�o�d� �o�f� �t�i�m�e�.� �C�o�a�g�u�l�a�t�i�o�n�,� �a�s� �a� �m�e�t�h�o�d� �t�o� �r�e�m�o�v�e� 

�i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�t�i�o�n�,� �i�s� �m�o�r�e� �e�x�p�e�n�s�i�v�e� �t�h�a�n� �c�o�a�g�u�l�a�t�i�o�n� �t�o� �r�e�m�o�v�e� �t�u�r�b�i�d�i�t�y� �d�u�e� �t�o� 

�h�i�g�h�e�r� �d�o�s�a�g�e�s� �o�f� �c�o�a�g�u�l�a�n�t� �n�e�e�d�e�d�.� 

�R�e�v�e�r�s�e� �o�s�m�o�s�i�s� �a�n�d� �e�l�e�c�t�r�o�d�i�a�l�y�s�i�s� �a�r�e� �p�r�o�c�e�s�s�e�s� �t�h�a�t� �u�s�e� �m�e�m�b�r�a�n�e�s� �f�o�r� 

�r�e�m�o�v�i�n�g� �i�n�o�r�g�a�n�i�c�s�.� �R�e�v�e�r�s�e� �o�s�m�o�s�i�s� �e�m�p�l�o�y�s� �a� �s�e�m�i�p�e�r�m�e�a�b�l�e� �m�e�m�b�r�a�n�e� �t�o� �i�s�o�l�a�t�e� 

�c�o�n�t�a�m�i�n�a�n�t�s�.� �T�h�e� �m�e�m�b�r�a�n�e� �p�e�r�m�i�t�s� �o�n�l�y� �w�a�t�e�r� �t�o� �p�a�s�s� �t�h�r�o�u�g�h� �i�t�s� �p�o�r�e�s� �w�h�i�l�e� �t�r�a�p�p�i�n�g� 

�d�i�s�s�o�l�v�e�d� �i�o�n�s� �s�u�c�h� �a�s� �s�o�d�i�u�m� �a�n�d� �c�h�l�o�r�i�d�e�.� �S�u�b�j�e�c�t�e�d� �t�o� �h�i�g�h� �p�r�e�s�s�u�r�e�,� �c�o�n�t�a�m�i�n�a�t�e�d� 

�w�a�t�e�r� �p�a�s�s�e�s� �t�h�r�o�u�g�h� �t�h�e� �m�e�m�b�r�a�n�e� �l�e�a�v�i�n�g� �c�o�n�t�a�m�i�n�a�n�t�s� �b�e�h�i�n�d� �i�n� �a� �b�r�i�n�e� �s�o�l�u�t�i�o�n�.� 

�R�e�v�e�r�s�e� �o�s�m�o�s�i�s� �s�y�s�t�e�m�s� �a�r�e� �c�o�m�p�a�c�t�,� �s�i�m�p�l�e� �t�o� �o�p�e�r�a�t�e�,� �h�a�v�e� �m�i�n�i�m�a�l� �l�a�b�o�r� 

�r�e�q�u�i�r�e�m�e�n�t�s�,� �a�n�d� �c�a�n� �a�t�t�a�i�n� �9�6� �p�e�r�c�e�n�t� �r�e�m�o�v�a�l� �r�a�t�e�s� �w�h�e�n� �p�r�o�p�e�r�l�y� �e�m�p�l�o�y�e�d�.� �A� �m�a�j�o�r� 

�d�i�s�a�d�v�a�n�t�a�g�e� �i�s� �i�t�s� �h�i�g�h� �c�a�p�i�t�a�l� �a�n�d� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s�.� �O�p�e�r�a�t�i�n�g� �c�o�s�t�s� �c�a�n� �r�a�n�g�e� �f�r�o�m� �$�3�.�0�0� 

�t�o� �$�6�.�0�0� �p�e�r� �t�h�o�u�s�a�n�d� �g�a�l�l�o�n�s� �o�f� �t�r�e�a�t�e�d� �w�a�t�e�r�,� �f�o�r� �s�y�s�t�e�m�s� �w�i�t�h� �l�e�s�s� �t�h�a�n� �o�n�e� �m�i�l�l�i�o�n� 

�g�a�l�l�o�n�s� �p�e�r� �d�a�y� �(�m�g�d�)�.� �C�a�p�i�t�a�l� �c�o�s�t�s� �c�a�n� �r�a�n�g�e� �f�r�o�m� �$�1�.�0�0� �t�o� �$�2�.�0�0� �p�e�r� �g�a�l�l�o�n� �o�f� 

�4�5



�c�a�p�a�c�i�t�y�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �l�e�v�e�l� �o�f� �p�r�e�t�r�e�a�t�m�e�n�t� �r�e�q�u�i�r�e�d� �a�c�i�d�s� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� 

�1�9�9�0�:� �5�8�)�.� �S�y�s�t�e�m� �c�o�s�t�s� �a�r�e� �l�i�s�t�e�d� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �c�h�a�p�t�e�r�.� 

�T�a�b�l�e� �3�.�8�:� �A�d�v�a�n�t�a�g�e�s� �a�n�d� �D�i�s�a�d�v�a�n�t�a�g�e�s� �o�f� �I�n�o�r�g�a�n�i�c� �C�o�n�t�a�m�i�n�a�n�t� �R�e�m�o�v�a�l� 
�P�r�o�c�e�s�s�e�s� �S�u�i�t�a�b�l�e� �f�o�r� �S�m�a�l�l� �W�a�t�e�r� �S�y�s�t�e�m�s� 

�T�r�e�a�t�m�e�n�t� �P�r�o�c�e�s�s� �A�d�v�a�n�t�a�g�e�s� �D�i�s�a�d�v�a�n�t�a�g�e�s� 

� � 

�C�o�a�g�u�l�a�t�i�o�n�/�F�i�l�t�r�a�t�i�o�n� 

�M�e�m�b�r�a�n�e�s� �-� �R�e�v�e�r�s�e� 

�O�s�m�o�s�i�s� �a�n�d� 

�E�l�e�c�t�r�o�d�i�a�l�y�s�i�s� 

�I�o�n� �E�x�c�h�a�n�g�e� 

�A�c�t�i�v�a�t�e�d� �A�l�u�m�i�n�a� � � 

�.� �L�o�w� �c�o�s�t� �f�o�r� �h�i�g�h� �v�o�l�u�m�e� 
�b�.� �R�e�l�i�a�b�l�e� �p�r�o�c�e�s�s� 

�.� �S�u�i�t�a�b�l�e� �f�o�r� �a�u�t�o�m�a�t�i�c� �c�o�n�t�r�o�l� 

�.� �R�e�m�o�v�e�s� �n�e�a�r�l�y� �a�l�l� �c�o�n�t�a�m�i�n�a�n�t� 
�i�o�n�s� �a�n�d� �m�o�s�t� �d�i�s�s�o�l�v�e�d� �n�o�n�-�i�o�n�s� 

�.� �R�e�l�a�t�i�v�e�l�y� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �f�l�o�w� �a�n�d� 
�t�o�t�a�l� �d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �l�e�v�e�l� 

�.� �L�o�w� �e�f�f�l�u�e�n�t� �c�o�n�t�a�m�i�n�a�t�i�o�n� 

�p�o�s�s�i�b�l�e� 
�.� �B�a�c�t�e�r�i�a� �a�n�d� �p�a�r�t�i�c�l�e�s� �a�r�e� �a�l�s�o� 

�r�e�m�o�v�e�d� �i�n� �r�e�v�e�r�s�e� �o�s�m�o�s�i�s� 
�.� �S�u�i�t�a�b�l�e� �f�o�r� �a�u�t�o�m�a�t�i�o�n� 

�.� �R�e�l�a�t�i�v�e�l�y� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �f�l�o�w� 
�v�a�r�i�a�t�i�o�n� 

�.� �Z�e�r�o� �l�e�v�e�l� �o�f� �e�f�f�l�u�e�n�t� 

�c�o�n�t�a�m�i�n�a�t�i�o�n� �p�o�s�s�i�b�l�e� 

�.� �I�n�s�e�n�s�i�t�i�v�e� �t�o� �f�l�o�w� �a�n�d� �t�o�t�a�l� 

�d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� �b�a�c�k�g�r�o�u�n�d� 
�.� �L�o�w� �e�f�f�l�u�e�n�t� �c�o�n�t�a�m�i�n�a�n�t� �l�e�v�e�l� 

�p�o�s�s�i�b�l�e� 
�.� �H�i�g�h�l�y� �s�u�i�t�a�b�l�e� �f�o�r� �f�l�u�o�r�i�d�e� �a�n�d� 

�a�r�s�e�n�i�c� 

�.� �N�o�t� �r�e�a�d�i�l�y� �a�p�p�l�i�e�d� �t�o� �s�m�a�l�l� �o�r� 
�i�n�t�e�r�m�i�t�t�e�n�t� �f�l�o�w�s� 

�.� �H�i�g�h�-�w�a�t�e�r�-�c�o�n�t�e�n�t� �s�l�u�d�g�e� 
�d�i�s�p�o�s�a�l� 

�.� �V�e�r�y� �l�o�w� �c�o�n�t�a�m�i�n�a�n�t� �l�e�v�e�l�s� �m�a�y� 
�r�e�q�u�i�r�e� �t�w�o�-�s�t�a�g�e� �p�r�e�c�i�p�i�t�a�t�i�o�n� 

�.� �D�e�m�a�n�d�s� �h�i�g�h�l�y� �t�r�a�i�n�e�d� �o�p�e�r�a�t�o�r� 

�.� �H�i�g�h� �c�a�p�i�t�a�l� �a�n�d� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s� 
�.� �H�i�g�h� �l�e�v�e�l� �o�f� �p�r�e�t�r�e�a�t�m�e�n�t� �m�a�y� 

�b�e� �r�e�q�u�i�r�e�d� 
�.� �M�e�m�b�r�a�n�e�s� �a�r�e� �p�r�o�n�e� �t�o� �f�o�u�l�i�n�g�.� 

�E�l�e�c�t�r�o�d�e�s� �r�e�q�u�i�r�e� �r�e�p�l�a�c�e�m�e�n�t� 

�.� �W�a�s�t�e� �r�e�q�u�i�r�e�s� �c�a�r�e�f�u�l� �d�i�s�p�o�s�a�l� 
�.� �M�a�y� �h�a�v�e� �u�n�a�c�c�e�p�t�a�b�l�e� �l�e�v�e�l�s� �o�f� 

�c�o�n�t�a�m�i�n�a�t�i�o�n� �i�n� �e�f�f�l�u�e�n�t� 

�.� �N�o�t� �f�e�a�s�i�b�l�e� �a�t� �h�i�g�h� �l�e�v�e�l�s� �o�f� �t�o�t�a�l� 
�d�i�s�s�o�l�v�e�d� �s�o�l�i�d�s� 

�.� �P�r�e�t�r�e�a�t�m�e�n�t� �r�e�q�u�i�r�e� �f�o�r� �m�o�s�t� 
�s�u�r�f�a�c�e� �w�a�t�e�r�s� 

�.� �S�t�r�o�n�g� �a�c�i�d� �a�n�d� �b�a�s�e� �r�e�q�u�i�r�e�d� �f�o�r� 
�r�e�g�e�n�e�r�a�t�i�o�n� 

�.� �M�e�d�i�u�m� �t�e�n�d�s� �t�o� �d�i�s�s�o�l�v�e�,� 

�p�r�o�d�u�c�i�n�g� �f�i�n�e� �p�a�r�t�i�c�l�e�s� 
�.� �S�l�o�w� �a�b�s�o�r�p�t�i�o�n� 

�.� �W�a�s�t�e� �r�e�q�u�i�r�e�s� �c�a�r�e�f�u�l� �d�i�s�p�o�s�a�l� 

� � 

�N�o�t�e�:� �e�f�f�l�u�e�n�t� �i�s� �p�a�r�t�i�a�l�l�y� �o�r� �c�o�m�p�l�e�t�e�l�y� �t�r�e�a�t�e�d� �w�a�t�e�r� �f�l�o�w�i�n�g� �f�r�o�m� �a� �r�e�s�e�r�v�o�i�r�,� �b�a�s�i�n�,� �o�r� �t�r�e�a�t�m�e�n�t� �p�r�o�c�e�s�s�.� 
�S�o�u�r�c�e�:� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �5�7�.� 

�E�l�e�c�t�r�o�d�i�a�l�y�s�i�s�,� �a� �p�r�o�c�e�s�s� �a�l�s�o� �u�s�i�n�g� �m�e�m�b�r�a�n�e�s�,� �u�s�e�s� �d�i�r�e�c�t� �c�u�r�r�e�n�t� �t�o� �a�t�t�r�a�c�t� �i�o�n�s� 

�t�o� �o�n�e� �s�i�d�e� �o�f� �t�h�e� �t�r�e�a�t�m�e�n�t� �c�h�a�m�b�e�r�.� �E�l�e�c�t�r�o�d�i�a�l�y�s�i�s� �s�y�s�t�e�m�s� �i�n�c�l�u�d�e� �a� �s�o�u�r�c�e� �o�f� 

�4�6� 

� 



�p�r�e�s�s�u�r�i�z�e�d� �w�a�t�e�r�,� �a� �d�i�r�e�c�t� �c�u�r�r�e�n�t� �p�o�w�e�r� �s�u�p�p�l�y�,� �a�n�d� �a� �p�a�i�r� �o�f� �s�e�l�e�c�t�i�v�e� �m�e�m�b�r�a�n�e�s�.� 

�E�l�e�c�t�r�o�d�i�a�l�y�s�i�s� �i�s� �e�f�f�e�c�t�i�v�e� �a�t� �r�e�m�o�v�i�n�g� �f�l�u�o�r�i�d�e� �a�n�d� �n�i�t�r�a�t�e�.� 

�T�h�e� �t�h�i�r�d� �p�r�o�c�e�s�s� �f�o�r� �r�e�m�o�v�i�n�g� �i�n�o�r�g�a�n�i�c�s� �l�i�s�t�e�d� �i�s� �i�o�n� �e�x�c�h�a�n�g�e�.� �M�o�s�t� �o�f�t�e�n� �u�s�e�d� 

�t�o� �r�e�m�o�v�e� �h�a�r�d�n�e�s�s� �a�n�d� �n�i�t�r�a�t�e� �f�r�o�m� �g�r�o�u�n�d�w�a�t�e�r�,� �i�o�n� �e�x�c�h�a�n�g�e� �u�n�i�t�s� �c�a�n� �a�l�s�o� �r�e�m�o�v�e� 

�a�n�y� �i�o�n�i�c� �o�r� �c�h�a�r�g�e�d� �s�u�b�s�t�a�n�c�e� �f�r�o�m� �w�a�t�e�r�.� �S�i�n�c�e� �h�a�r�d�n�e�s�s� �i�s� �a� �p�r�e�v�a�l�e�n�t� �p�r�o�b�l�e�m� �i�n� �t�h�e� 

�V�i�r�g�i�n�i�a� �c�o�a�l�f�i�e�l�d�s�,� �i�o�n� �e�x�c�h�a�n�g�e� �c�a�n� �b�e� �a�n� �a�t�t�r�a�c�t�i�v�e� �t�r�e�a�t�m�e�n�t� �o�p�t�i�o�n� �f�o�r� �t�h�e� �a�r�e�a�.� �I�t� 

�r�e�m�o�v�e�s� �c�o�n�t�a�m�i�n�a�n�t�s� �b�y� �a�b�s�o�r�b�i�n�g� �t�h�e�m� �o�n�t�o� �a�n� �e�x�c�h�a�n�g�e� �m�e�d�i�u�m�.� �T�h�e� �l�a�t�t�e�r� �i�s� �u�s�u�a�l�l�y� 

�a� �s�y�n�t�h�e�t�i�c� �r�e�s�i�n�.� �O�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �m�e�d�i�u�m�,� �o�n�e� �i�o�n� �i�s� �e�x�c�h�a�n�g�e�d� �f�o�r� �a�n�o�t�h�e�r�.� �S�i�n�c�e� 

�i�o�n� �e�x�c�h�a�n�g�e� �w�a�s�t�e� �i�s� �h�i�g�h�l�y� �c�o�n�c�e�n�t�r�a�t�e�d�,� �c�a�r�e�f�u�l� �d�i�s�p�o�s�a�l� �i�s� �r�e�q�u�i�r�e�d�.� 

�A�s� �a�n� �i�o�n� �e�x�c�h�a�n�g�e� �m�e�d�i�u�m�,� �a�c�t�i�v�a�t�e�d� �a�l�u�m�i�n�a� �i�s� �p�r�i�m�a�r�i�l�y� �u�s�e�d� �t�o� �r�e�m�o�v�e� 

�f�l�u�o�r�i�d�e� �f�r�o�m� �g�r�o�u�n�d�w�a�t�e�r�.� �I�t� �i�s� �a� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �s�y�s�t�e�m�.� �A� �s�t�r�o�n�g� �s�o�d�i�u�m� 

�h�y�d�r�o�x�i�d�e� �s�o�l�u�t�i�o�n� �i�s� �u�s�e�d� �t�o� �r�e�g�e�n�e�r�a�t�e� �t�h�e� �a�c�t�i�v�a�t�e�d� �a�l�u�m�i�n�a� �m�e�d�i�u�m� �i�n� �t�h�e� �e�x�c�h�a�n�g�e� 

�p�r�o�c�e�s�s�.� �S�u�l�f�u�r�i�c� �a�c�i�d� �m�u�s�t� �a�l�s�o� �b�e� �a�d�d�e�d� �t�o� �t�h�e� �w�a�t�e�r� �a�f�t�e�r� �i�t� �l�e�a�v�e�s� �t�h�e� �e�x�c�h�a�n�g�e� �u�n�i�t� �t�o� 

�l�o�w�e�r� �t�h�e� �p�H� �l�e�v�e�l� �o�f� �t�h�e� �w�a�t�e�r�.� �S�i�n�c�e� �a�c�t�i�v�a�t�e�d� �a�l�u�m�i�n�a� �s�y�s�t�e�m�s� �e�m�p�l�o�y� �t�h�e�s�e� �s�t�r�o�n�g� 

�a�c�i�d�i�c� �a�n�d� �b�a�s�i�c� �s�o�l�u�t�i�o�n�,� �s�y�s�t�e�m� �w�a�s�t�e� �c�a�n� �b�e� �h�a�z�a�r�d�o�u�s� �t�o� �h�a�n�d�l�e�,� �r�e�s�u�l�t�i�n�g� �i�n� �i�n�c�r�e�a�s�e�d� 

�w�a�s�t�e� �m�a�n�a�g�e�m�e�n�t� �c�o�s�t�s�.� 

�C�o�s�t�s� �A�s�s�o�c�i�a�t�e�d� �w�i�t�h� �T�r�e�a�t�m�e�n�t� �T�e�c�h�n�o�l�o�g�i�e�s� �S�u�i�t�a�b�l�e� �f�o�r� �S�m�a�l�l� �W�a�t�e�r� �S�y�s�t�e�m�s� 

�T�h�e� �t�r�e�a�t�m�e�n�t� �t�e�c�h�n�o�l�o�g�i�e�s� �d�e�s�c�r�i�b�e�d� �i�n� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n�s� �c�o�m�e� �w�i�t�h� �c�a�p�i�t�a�l� �a�n�d� 

�o�p�e�r�a�t�i�o�n� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �(�O�&�M�)� �c�o�s�t�s�.� �C�a�p�i�t�a�l� �c�o�s�t�s� �f�o�r� �w�a�t�e�r� �s�y�s�t�e�m�s� �a�r�e� �f�i�x�e�d�,� �o�n�e�-� 

�t�i�m�e� �e�x�p�e�n�d�i�t�u�r�e�s� �t�h�a�t� �a�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� �a�m�o�u�n�t� �o�f� �w�a�t�e�r� �p�r�o�d�u�c�e�d�.� �T�h�e�y� �r�e�s�u�l�t� �i�n� 

�t�h�e� �a�c�q�u�i�s�i�t�i�o�n� �o�f� �o�r� �a�d�d�i�t�i�o�n� �o�f� �f�i�x�e�d� �a�s�s�e�t�s�.� �C�a�p�i�t�a�l� �c�o�s�t�s� �h�a�v�e� �a� �u�s�e�f�u�l� �l�i�f�e� �o�f� �m�o�r�e� �t�h�a�n� 

�o�n�e� �y�e�a�r�.� �C�a�p�i�t�a�l� �c�o�s�t�s� �f�o�r� �t�r�e�a�t�m�e�n�t� �t�e�c�h�n�o�l�o�g�i�e�s� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �3�.�9� �c�o�n�s�i�s�t� �o�f� 

�m�a�n�u�f�a�c�t�u�r�e�d� �e�q�u�i�p�m�e�n�t�,� �c�o�n�c�r�e�t�e�,� �s�t�e�e�l�,� �l�a�b�o�r�,� �p�i�p�e�s� �a�n�d� �v�a�l�v�e�s�,� �e�l�e�c�t�r�i�c�a�l� �e�q�u�i�p�m�e�n�t� 

�a�n�d� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�,� �h�o�u�s�i�n�g�,� �s�i�t�e� �e�v�a�l�u�a�t�i�o�n�,� �o�t�h�e�r� �s�i�t�e� �w�o�r�k�,� �g�e�n�e�r�a�l� �c�o�n�t�r�a�c�t�o�r ��s� 

�o�v�e�r�h�e�a�d� �a�n�d� �p�r�o�f�i�t�,� �e�n�g�i�n�e�e�r�i�n�g� �c�o�s�t�s�,� �f�i�n�a�n�c�i�a�l� �a�n�d� �a�d�m�i�n�i�s�t�r�a�t�i�v�e� �c�o�s�t�s�,� �a�n�d� �i�n�t�e�r�e�s�t� 

�c�o�s�t�s� �d�u�r�i�n�g� �c�o�n�s�t�r�u�c�t�i�o�n� �(�E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �2�7�)�.� �T�h�e�y� �d�o� �n�o�t� �i�n�c�l�u�d�e� �l�a�n�d� �c�o�s�t�s�,� 

�l�e�g�a�l� �f�e�e�s�,� �i�n�t�e�r�f�a�c�e� �p�i�p�i�n�g�,� �r�o�a�d�s�,� �a�n�d� �c�e�r�t�a�i�n� �o�t�h�e�r� �s�i�t�e� �w�o�r�k�.� �C�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�s� �v�a�r�y� 

�d�e�p�e�n�d�i�n�g� �o�n� �s�i�t�e� �s�p�e�c�i�f�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 
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�O�p�e�r�a�t�i�o�n� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �c�o�s�t�s� �a�r�e� �o�n�g�o�i�n�g�,� �r�e�p�e�t�i�t�i�v�e� �c�o�s�t�s� �o�f� �o�p�e�r�a�t�i�n�g� �a� �w�a�t�e�r� 

�s�y�s�t�e�m�.� �A�s� �p�r�o�p�r�i�e�t�a�r�y� �o�r� �e�n�t�e�r�p�r�i�s�e� �f�u�n�d� �e�x�p�e�n�s�e�s�,� �t�h�e�y� �a�r�e� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �f�u�n�d ��s� 

�p�r�i�m�a�r�y� �s�e�r�v�i�c�e� �a�c�t�i�v�i�t�i�e�s�.� �O�&�M� �c�o�s�t�s� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �3�.�9� �c�o�n�s�i�s�t� �o�f� �a�n�n�u�a�l� �e�n�e�r�g�y�,� 

�l�a�b�o�r�,� �a�n�d� �c�h�e�m�i�c�a�l� �c�o�s�t�s�.� �T�h�e�s�e� �c�o�s�t�s� �a�r�e� �o�n�l�y� �a�p�p�r�o�x�i�m�a�t�e�s�.� �T�h�e�y� �c�a�n� �v�a�r�y� �g�r�e�a�t�l�y� 

�d�e�p�e�n�d�i�n�g� �o�n� �v�a�r�i�a�b�l�e�s� �s�u�c�h� �a�s� �r�a�w� �w�a�t�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �f�l�o�w� �r�a�t�e�,� �a�n�d� �c�h�e�m�i�c�a�l� �f�l�o�w� 

�r�a�t�e�s�.� �M�o�r�e� �e�x�a�c�t� �e�s�t�i�m�a�t�e�s� �c�a�n� �b�e� �m�a�d�e� �b�a�s�e�d� �o�n� �p�r�e�v�i�o�u�s� �e�n�g�i�n�e�e�r�i�n�g� �r�e�p�o�r�t�s� �o�n� 

�s�i�m�i�l�a�r� �s�y�s�t�e�m�s�,� �k�n�o�w�l�e�d�g�e� �a�n�d� �e�x�p�e�r�t�i�s�e� �o�f� �w�a�t�e�r� �s�y�s�t�e�m� �m�a�n�a�g�e�r�s�,� �a�n�d� �m�o�r�e� 

�c�o�m�p�r�e�h�e�n�s�i�v�e� �a�n�d� �c�u�s�t�o�m�i�z�e�d� �c�o�s�t� �a�n�a�l�y�s�i�s�.� �S�o�m�e� �s�p�r�e�a�d�s�h�e�e�t�s� �p�r�o�v�i�d�e�d� �i�n� �t�h�e� �n�e�x�t� 

�c�h�a�p�t�e�r� �m�a�y� �b�e� �h�e�l�p�f�u�l� �t�o� �m�a�k�e� �s�u�c�h� �a�n� �a�n�a�l�y�s�i�s�.� 

�T�h�e� �e�s�t�i�m�a�t�e�d� �c�o�s�t�s� �p�r�o�v�i�d�e�d� �i�n� �T�a�b�l�e� �3�.�9� �a�r�e� �f�o�r� �a� �1�0�0�,�0�0�0� �g�a�l�l�o�n�s� �p�e�r� �d�a�y� 

�(�G�P�D�)� �p�l�a�n�t�.� �S�u�c�h� �a� �p�l�a�n�t� �w�o�u�l�d� �s�e�r�v�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�,�3�3�3� �p�e�o�p�l�e� �i�n� �V�i�r�g�i�n�i�a�,� �b�a�s�e�d� �o�n� 

�a� �7�5� �G�D�P� �p�e�r� �c�a�p�i�t�a� �u�s�e� �(�U�S�G�S�,� �1�9�9�5�:� �W�a�t�e�r�-�U�s�e� �h�o�m�e� �p�a�g�e�)�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �4�4�4� 

�h�o�u�s�e�h�o�l�d�s� �w�o�u�l�d� �b�e� �s�e�r�v�e�d�,� �i�f� �t�h�r�e�e� �p�e�r�s�o�n�s� �a�r�e� �i�n� �e�a�c�h� �h�o�u�s�e�h�o�l�d�.� 

�I�n� �c�h�o�o�s�i�n�g� �t�h�e� �b�e�s�t� �o�p�t�i�o�n�s� �f�o�r� �a� �w�a�t�e�r� �s�y�s�t�e�m�,� �m�a�n�a�g�e�r�s� �s�h�o�u�l�d� �r�e�a�l�i�z�e� �t�h�a�t� 

�t�r�a�d�e�o�f�f�s� �e�x�i�s�t� �b�e�t�w�e�e�n� �c�a�p�i�t�a�l� �a�n�d� �O�&�M� �c�o�s�t�s�.� �T�h�a�t� �i�s�,� �t�e�c�h�n�o�l�o�g�i�e�s� �w�i�t�h� �h�i�g�h� �c�a�p�i�t�a�l� 

�o�u�t�l�a�y� �t�e�n�d� �t�o� �h�a�v�e� �l�o�w� �o�p�e�r�a�t�i�o�n� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �c�o�s�t�s�.� �C�o�n�v�e�r�s�e�l�y�,� �t�e�c�h�n�o�l�o�g�i�e�s� �w�i�t�h� 

�l�o�w� �c�a�p�i�t�a�l� �c�o�s�t�s� �o�f�t�e�n� �c�o�m�e� �w�i�t�h� �m�o�r�e� �m�a�i�n�t�e�n�a�n�c�e� �r�e�q�u�i�r�e�m�e�n�t�s�,� �t�h�u�s�,� �h�i�g�h�e�r� �O�&�M� 

�c�o�s�t� �o�b�l�i�g�a�t�i�o�n�s�.� �I�f� �i�t� �i�s� �f�i�n�a�n�c�i�a�l�l�y� �f�e�a�s�i�b�l�e� �t�o� �i�n�v�e�s�t� �i�n� �a� �m�o�r�e� �e�x�p�e�n�s�i�v�e� �b�u�t� �s�u�p�e�r�i�o�r� 

�t�e�c�h�n�o�l�o�g�y�,� �t�h�e� �b�e�n�e�f�i�t�s� �g�a�i�n�e�d� �f�r�o�m� �l�o�n�g�e�r� �p�r�o�d�u�c�t� �d�u�r�a�b�i�l�i�t�y� �a�n�d� �l�o�w�e�r� �O�&�M� �c�o�s�t�s� �m�a�y� 

�e�x�c�e�e�d� �t�h�e� �c�o�s�t�s� �o�f� �a� �h�i�g�h�e�r� �i�n�i�t�i�a�l� �i�n�v�e�s�t�m�e�n�t� �i�n� �t�h�e� �l�o�n�g�-�r�u�n�.� 
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�T�a�b�l�e� �3�.�9�:� �E�s�t�i�m�a�t�i�n�g� �C�o�s�t�s� �o�f� �W�a�t�e�r� �T�r�e�a�t�m�e�n�t� �T�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� �a� �1�0�0�,�0�0�0� �G�P�D� 
�P�l�a�n�t� �(�$�1�9�8�9�)� 

� � 

� � � � 
 ��T�r�e�a�t�m�e�n�t� �T�e�c�h�n�o�l�o�g�y� �C�a�p�i�t�a�l� �C�o�s�t� �A�n�n�u�a�l� �O�&�M� �T�o�t�a�l� �C�o�s�t� �P�e�r� 

�a�n� �m�o� �U�U� �C�F� �i�t�e�s� 
�P�a�c�k�a�g�e� �P�l�a�n�t� �F�i�l�t�r�a�t�i�o�n� 
�C�o�a�g�u�l�a�t�i�o�n�/�F�i�l�t�r�a�t�i�o�n� �w�i�t�h� �t�u�b�e� �s�e�t�t�l�e�r�s� �$� �1�7�6�,�0�0�0� �$� �1�1�,�0�0�0� �$� �1�.�7�3� 
�P�r�e�s�s�u�r�e� �d�e�p�t�h� �c�l�a�r�i�f�i�e�r�/�P�r�e�s�s�u�r�e� �f�i�l�t�e�r� �$� �2�0�6�,�0�0�0� �$� �1�0�,�4�0�0� �$� �1�.�9�0� 
�P�r�e�s�s�u�r�e� �d�e�p�t�h� �c�l�a�r�i�f�i�e�r�/�P�r�e�s�s�u�r�e� �f�i�l�t�e�r� �w�i�t�h� �G�A�C� �$� �2�4�6�,�0�0�0� �$� �1�6�,�3�0�0� �$� �2�.�4�7� 

�a�b�s�o�r�b�e�r� 

�O�t�h�e�r� �F�i�l�t�r�a�t�i�o�n� 
�D�i�a�t�o�m�a�c�e�o�u�s� �e�a�r�t�h� �v�a�c�u�u�m� �f�i�l�t�e�r� �$� �1�0�3�,�0�0�0� �$� �1�1�,�1�0�0� �$� �1�.�2�7� 
�D�i�a�t�o�m�a�c�e�o�u�s� �e�a�r�t�h� �p�r�e�s�s�u�r�e� �f�i�l�t�e�r� �$� �1�0�6�,�0�0�0� �$� �1�0�,�6�0�0� �$� �1�.�2�6� 
�S�l�o�w� �s�a�n�d� �f�i�l�t�e�r�:� �c�o�v�e�r�e�d� �$� �5�8�0�,�0�0�0� �$� �7�,�7�0�0� �$� �4�.�1�5� 
�S�l�o�w� �s�a�n�d� �f�i�l�t�e�r�:� �u�n�c�o�v�e�r�e�d� �$� �3�3�5�,�0�0�0� �$� �7�,�1�0�0� �$� �2�.�5�5� 

�D�i�s�i�n�f�e�c�t�i�o�n� 
�G�a�s� �f�e�e�d� �c�h�l�o�r�i�n�a�t�i�o�n� �$� �1�0�,�4�6�5� �$� �3�,�5�2�0� �$� �0�.�2�6� 
�H�y�p�o�c�h�l�o�r�i�t�e� �s�o�l�u�t�i�o�n� �$� �4�,�0�8�0� �$� �5�,�5�5�8� �$� �0�.�3�3� 
�P�e�l�l�e�t� �f�e�e�d� �c�h�l�o�r�i�n�a�t�o�r�s� �$� �1�,�6�7�0� �$� �4�,�0�1�0� �$� �0�.�2�3� 
�U�l�t�r�a�v�i�o�l�e�t� �l�i�g�h�t� �(�5�7�,�6�0�0� �G�P�D�)� �$� �2�5�,�9�9�0� �$� �2�,�0�9�0� �$� �0�.�4�9� 
�O�z�o�n�a�t�i�o�n�-�h�i�g�h� �p�r�e�s�s�u�r�e� �$� �3�9�,�2�7�0� �$� �5�,�0�7�4� �$� �0�.�5�3� 

�O�r�g�a�n�i�c� �C�o�n�t�a�m�i�n�a�n�t� �C�o�n�t�r�o�l� 
�G�A�C� �i�n� �p�r�e�s�s�u�r�e� �v�e�s�s�e�l� �$� �1�7�5�,�0�0�0� �$� �1�4�,�4�0�0� �$� �1�.�9�2� 

�(�6�-�m�o� �c�a�r�b�o�n� �r�e�p�l�a�c�e�m�e�n�t�)� 

�$� �9�,�8�0�0� �$� �1�.�6�7� 
�(�1�2�-�m�o� �c�a�r�b�o�n� �r�e�p�l�a�c�e�m�e�n�t�)� 

�P�a�c�k�e�d� �t�o�w�e�r� �a�e�r�a�t�o�r� �$� �4�5�,�1�0�0� �$� �2�,�9�0�0� �$� �0�.�4�5� 

�I�n�o�r�g�a�n�i�c� �C�o�n�t�a�m�i�n�a�n�t� �C�o�n�t�r�o�l� 
�H�i�g�h� �p�r�e�s�s�u�r�e� �r�e�v�e�r�s�e� �o�s�m�o�s�i�s� �$� �2�7�5�,�0�0�0� �$� �4�1�,�3�0�0� �$� �4�.�0�3� 
�L�o�w� �p�r�e�s�s�u�r�e� �r�e�v�e�r�s�e� �o�s�m�o�s�i�s� �$� �2�7�5�,�0�0�0� �$� �2�9�,�8�0�0� �$� �3�.�4�0� 
�C�a�t�i�o�n� �e�x�c�h�a�n�g�e� �$� �1�5�1�,�0�0�0� �$� �8�,�5�0�0� �$� �1�.�4�4� 
�A�n�i�o�n� �e�x�c�h�a�n�g�e� �$� �1�1�5�,�0�0�0� �$� �1�0�,�3�0�0� �$� �1�.�4�6� 
�A�c�t�i�v�a�t�e�d� �a�l�u�m�i�n�a� �$� �1�0�4�,�0�0�0� �$� �1�4�,�6�0�0� �$� �1�.�4�7� � � � � � � 

�S�o�u�r�c�e�:� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�,� �1�9�9�0�:� �2�6�-�2�7�.� 
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�C�h�a�p�t�e�r� �I�V�.� �S�p�r�e�a�d�s�h�e�e�t� �M�o�d�e�l� �f�o�r� �C�o�s�t�i�n�g�,� �A�s�s�e�s�s�i�n�g� �R�a�t�e� �I�m�p�a�c�t�s�,� 
�a�n�d� �R�a�t�e�-�S�e�t�t�i�n�g� �f�o�r� �S�m�a�l�l� �W�a�t�e�r� �S�y�s�t�e�m�s� �O�p�t�i�o�n�s� 

�I�V�.� �A�.� �O�v�e�r�v�i�e�w� �o�f� �t�h�e� �S�p�r�e�a�d�s�h�e�e�t�s� 

�T�h�i�s� �c�h�a�p�t�e�r� �p�r�e�s�e�n�t�s� �a�n� �i�n�t�e�r�a�c�t�i�v�e� �m�e�t�h�o�d� �o�f� �a�s�s�e�s�s�i�n�g� �c�o�s�t�s�,� �r�a�t�e� �i�m�p�a�c�t�s�,� �a�n�d� 

�o�t�h�e�r� �f�i�n�a�n�c�i�a�l� �d�e�t�a�i�l�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �w�a�t�e�r� �s�u�p�p�l�y� �s�y�s�t�e�m� �p�r�o�j�e�c�t�s�.� �A� �s�e�r�i�e�s� �o�f� 

�M�i�c�r�o�s�o�f�t� �E�x�c�e�l� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �p�r�o�v�i�d�e�d� �f�o�r� �c�o�n�v�e�n�i�e�n�t� �f�i�n�a�n�c�i�a�l� �a�n�a�l�y�s�i�s�.� �T�h�e� 

�s�u�b�s�t�a�n�c�e� �o�f� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �m�a�n�u�a�l� �C�o�s�t�i�n�g� �a�n�d� �R�a�t�e�-�S�e�t�t�i�n�g� �W�o�r�k�b�o�o�k� 

�f�o�r� �W�a�t�e�r� �a�n�d� �S�e�w�e�r� �U�t�i�l�i�t�i�e�s� �b�y� �P�a�u�l� �S�h�i�n�n� �a�n�d� �J�o�h�n� �R�a�n�d�o�l�p�h�.� 

�C�o�m�p�l�e�t�e�d� �i�n� �1�9�8�9�,� �t�h�e� �w�o�r�k�b�o�o�k� �w�a�s� �d�e�s�i�g�n�e�d� �t�o� �a�s�s�i�s�t� �m�u�n�i�c�i�p�a�l� �u�t�i�l�i�t�i�e�s� �t�o� 

�a�s�s�e�s�s� �w�a�t�e�r� �a�n�d� �s�e�w�e�r� �p�r�o�j�e�c�t�s� �a�n�d� �f�i�n�a�n�c�i�n�g� �o�p�t�i�o�n�s�,� �d�e�t�e�r�m�i�n�e� �r�a�t�e� �i�m�p�a�c�t�s�,� �s�e�t� �r�a�t�e�s�,� 

�a�n�d� �i�n� �g�e�n�e�r�a�l�,� �i�m�p�r�o�v�e� �t�h�e�i�r� �f�i�n�a�n�c�i�a�l� �p�e�r�f�o�r�m�a�n�c�e�.� �I�t� �c�o�n�s�i�s�t�s� �o�f� �a�c�c�e�p�t�e�d� �t�e�c�h�n�i�q�u�e�s� �o�f� 

�w�a�t�e�r� �a�n�d� �s�e�w�e�r� �f�i�n�a�n�c�i�a�l� �m�a�n�a�g�e�m�e�n�t�.� �C�o�m�b�i�n�e�d� �w�i�t�h� �e�x�i�s�t�i�n�g� �u�t�i�l�i�t�y� �r�e�c�o�r�d�s� �a�n�d� 

�k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �o�f� �t�h�e� �s�y�s�t�e�m ��s� �o�p�e�r�a�t�i�o�n�s�,� �u�t�i�l�i�t�y� �m�a�n�a�g�e�r�s� �c�a�n� �u�s�e� �t�h�e� �w�o�r�k�b�o�o�k� �t�o� 

�d�e�t�e�r�m�i�n�e� �c�o�s�t�s� �o�f� �s�e�r�v�i�c�e�,� �a�s�s�e�s�s� �c�a�p�i�t�a�l� �i�n�v�e�s�t�m�e�n�t� �n�e�e�d�s�,� �e�v�a�l�u�a�t�e� �f�i�n�a�n�c�i�n�g� 

�m�e�c�h�a�n�i�s�m�s�,� �a�n�d� �s�e�t� �u�s�e�r� �r�a�t�e�s�.� 

�T�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �w�o�r�k�b�o�o�k� �p�r�o�c�e�d�u�r�e� �a�n�d� �a�r�e� �i�n�t�e�n�d�e�d� �t�o� �b�e� 

�u�s�e�f�u�l� �f�o�r� �c�o�m�m�u�n�i�t�i�e�s� �a�n�d�/�o�r� �u�t�i�l�i�t�i�e�s� �t�h�a�t� �n�e�e�d� �t�o� �a�s�s�e�s�s� �o�p�t�i�o�n�s� �f�o�r� �r�e�n�o�v�a�t�i�n�g�,� 

�r�e�p�l�a�c�i�n�g�,� �o�r� �e�x�t�e�n�d�i�n�g� �t�h�e�i�r� �w�a�t�e�r� �s�u�p�p�l�y� �s�y�s�t�e�m�s� �w�h�e�n� �h�i�r�i�n�g� �a�n� �e�n�g�i�n�e�e�r� �o�r� �o�t�h�e�r� 

�c�o�n�s�u�l�t�a�n�t�s� �i�s� �n�o�t� �p�r�a�c�t�i�c�a�l� �o�r� �a�f�f�o�r�d�a�b�l�e�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �w�i�l�l� �b�e�n�e�f�i�t� 

�s�m�a�l�l�-� �t�o� �m�e�d�i�u�m�-�s�i�z�e�d� �u�t�i�l�i�t�i�e�s� �t�h�a�t� �n�e�e�d� �a�n� �a�f�f�o�r�d�a�b�l�e� �a�n�d� �m�a�n�a�g�e�a�b�l�e� �p�r�o�c�e�d�u�r�e� �t�o� 

�c�o�n�d�u�c�t� �a� �p�r�e�l�i�m�i�n�a�r�y� �f�i�n�a�n�c�i�a�l� �a�s�s�e�s�s�m�e�n�t� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n� �o�p�t�i�o�n�s�.� �T�h�e� �s�p�r�e�a�d�s�h�e�e�t�s�,� 

�h�o�w�e�v�e�r�,� �a�r�e� �n�o�t� �i�n�t�e�n�d�e�d� �t�o� �r�e�p�l�a�c�e� �o�u�t�s�i�d�e� �c�o�n�s�u�l�t�i�n�g� �s�i�n�c�e� �f�a�c�i�l�i�t�i�e�s� �d�e�s�i�g�n� �a�n�d� �c�o�s�t�i�n�g� 

�r�e�q�u�i�r�e� �s�p�e�c�i�a�l�i�z�e�d� �a�n�a�l�y�s�i�s�.� �T�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �a�i�m�e�d� �a�t� �e�n�h�a�n�c�i�n�g� �d�e�c�i�s�i�o�n� �m�a�k�i�n�g� �i�n� 

�t�h�e� �e�a�r�l�y� �s�t�a�g�e�s� �o�f� �w�a�t�e�r� �p�r�o�j�e�c�t� �p�l�a�n�n�i�n�g�.� 

�I�V�.� �B�.� �O�r�g�a�n�i�z�a�t�i�o�n� �o�f� �t�h�e� �S�p�r�e�a�d�s�h�e�e�t�s� 

�T�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �o�r�g�a�n�i�z�e�d� �s�i�m�i�l�a�r�l�y� �t�o� �t�h�e� �w�o�r�k�s�h�e�e�t�s� �i�n� �t�h�e� �C�o�s�t�i�n�g� �a�n�d� 

�R�a�t�e�-�S�e�t�t�i�n�g� �W�o�r�k�b�o�o�k� �f�o�r� �W�a�t�e�r� �a�n�d� �S�e�w�e�r� �U�t�i�l�i�t�i�e�s� �f�o�r� �s�i�m�p�l�e� �r�e�f�e�r�e�n�c�i�n�g�.� �B�a�s�i�c�a�l�l�y�,� 

�t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �o�r�g�a�n�i�z�e�d� �i�n�t�o� �f�o�u�r� �m�o�d�u�l�e�s�.� �T�h�e� �l�a�t�e�r� �a�r�e� �l�a�b�e�l�e�d� �n�u�m�e�r�i�c�a�l�l�y� �f�r�o�m� 
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�1� �t�o�4�.� �E�a�c�h� �m�o�d�u�l�e� �c�o�n�t�a�i�n�s� �o�n�e� �s�u�m�m�a�r�y� �s�p�r�e�a�d�s�h�e�e�t� �l�a�b�e�l�e�d� �n�u�m�e�r�i�c�a�l�l�y� �a�n�d� �o�n�e� �o�r� 

�m�o�r�e� �d�e�t�a�i�l�e�d� �s�p�r�e�a�d�s�h�e�e�t�s� �w�i�t�h� �a�t�t�a�c�h�e�d� �l�e�t�t�e�r� �s�u�f�f�i�x�e�s�,� �f�o�r� �e�x�a�m�p�l�e�,� �3�C�.� �C�a�l�c�u�l�a�t�i�o�n�s� 

�f�r�o�m� �a� �d�e�t�a�i�l�e�d� �s�p�r�e�a�d�s�h�e�e�t� �s�e�r�v�e� �a�s� �i�n�p�u�t�s� �f�o�r� �s�u�b�s�e�q�u�e�n�t� �d�e�t�a�i�l�e�d� �s�p�r�e�a�d�s�h�e�e�t�s�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �s�p�r�e�a�d�s�h�e�e�t� �3�F� �c�a�n� �c�o�n�t�a�i�n� �i�n�p�u�t�s� �f�o�r� �s�p�r�e�a�d�s�h�e�e�t�s� �3�E�,� �3�C�,� �o�r� �3�B�.� �G�e�n�e�r�a�l�l�y�,� 

�t�h�e� �s�p�r�e�a�d�s�h�e�e�t�  ��A �� �i�s� �t�h�e� �l�e�a�s�t� �d�e�t�a�i�l�e�d� �a�n�d� �d�e�p�e�n�d�s� �o�n� �i�n�p�u�t�s� �f�r�o�m� �o�t�h�e�r� �s�p�r�e�a�d�s�h�e�e�t�s�.� 

�T�h�u�s�,� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t� �s�h�o�u�l�d� �b�e� �c�o�m�p�l�e�t�e�d� �i�n� �r�e�v�e�r�s�e� �a�l�p�h�a�b�e�t�i�c�a�l� �o�r�d�e�r� �w�i�t�h�i�n� �e�a�c�h� 

�m�o�d�u�l�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �s�p�r�e�a�d�s�h�e�e�t� �3�F� �s�h�o�u�l�d� �c�o�m�p�l�e�t�e�d� �b�e�f�o�r�e� �s�p�r�e�a�d�s�h�e�e�t�s� �3�E�,� �3�C�,� �a�n�d� 

�3�B� �i�n� �M�o�d�u�l�e� �3�.� �F�i�n�a�l�l�y�,� �t�h�e� �s�u�m�m�a�r�y� �s�p�r�e�a�d�s�h�e�e�t� �o�r� �e�a�c�h� �m�o�d�u�l�e�,� �f�o�r� �e�x�a�m�p�l�e� 

�S�p�r�e�a�d�s�h�e�e�t� �3�,� �d�e�p�e�n�d�s� �o�n� �i�n�p�u�t�s� �f�r�o�m� �s�o�m�e� �o�r� �a�l�l� �d�e�t�a�i�l�e�d� �s�p�r�e�a�d�s�h�e�e�t�s�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �d�e�s�i�g�n�e�d� �t�o� �d�o� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �c�a�l�c�u�l�a�t�i�o�n�s�,� �u�s�e�r�s� 

�a�r�e� �r�e�q�u�i�r�e�d� �t�o� �e�n�t�e�r� �n�u�m�b�e�r�s� �a�n�d� �m�a�k�e� �n�o�t�e�s�.� �I�n� �t�e�r�m�s� �o�f� �d�e�s�i�g�n�,� �i�n�p�u�t� �c�e�l�l�s� �r�e�q�u�i�r�i�n�g� 

�m�a�n�u�a�l� �d�a�t�a� �e�n�t�r�y� �a�r�e� �d�i�s�t�i�n�g�u�i�s�h�e�d� �b�y� �a� �l�i�g�h�t� �g�r�a�y� �s�h�a�d�i�n�g�.� �A�l�t�h�o�u�g�h� �m�o�s�t� �d�a�t�a� �e�n�t�r�i�e�s� 

�a�r�e� �n�u�m�e�r�i�c�,� �s�o�m�e� �s�p�r�e�a�d�s�h�e�e�t�s�,� �s�u�c�h� �a�s� �S�p�r�e�a�d�s�h�e�e�t� �1�,� �r�e�q�u�i�r�e� �t�e�x�t� �i�n�p�u�t�.� �C�e�l�l�s� �r�e�q�u�i�r�i�n�g� 

�t�e�x�t� �e�n�t�r�i�e�s� �a�r�e� �a�l�s�o� �s�h�a�d�e�d� �l�i�g�h�t� �g�r�a�y�.� �C�a�l�c�u�l�a�t�i�o�n�s� �a�n�d� �m�o�s�t� �d�a�t�a� �t�r�a�n�s�f�e�r�s� �f�r�o�m� �o�t�h�e�r� 

�s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �a�u�t�o�m�a�t�i�c�a�l�l�y� �p�e�r�f�o�r�m�e�d� �b�y� �t�h�e� �M�i�c�r�o�s�o�f�t� �E�x�c�e�l� �s�o�f�t�w�a�r�e�.� �T�h�e�s�e� �c�e�l�l�s�,� 

�a�l�o�n�g� �w�i�t�h� �c�e�l�l�s� �c�o�n�t�a�i�n�i�n�g� �l�a�b�e�l�s�,� �a�r�e� �n�o�t� �s�h�a�d�e�d� �a�n�d� �r�e�q�u�i�r�e�s� �n�o� �e�n�t�r�y�.� �T�h�e� �u�s�e�r� �o�f� �t�h�e� 

�s�p�r�e�a�d�s�h�e�e�t�s� �i�s� �r�e�q�u�i�r�e�d�,� �h�o�w�e�v�e�r�,� �t�o� �d�o� �s�o�m�e� �c�a�l�c�u�l�a�t�i�o�n�s� �w�h�e�n� �a� �v�a�r�i�a�t�i�o�n� �o�f� �i�n�p�u�t�s� �i�s� 

�p�r�e�s�e�n�t�e�d�.� �T�h�e�s�e� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �s�p�e�c�i�a�l� �i�n�s�t�r�u�c�t�i�o�n�s� �a�n�d� �a�r�e� �l�o�c�a�t�e�d� �i�n� 

�l�i�g�h�t�-�g�r�a�y� �s�h�a�d�e�d� �c�e�l�l�s�.� 

�I�V�.� �C�.� �O�v�e�r�v�i�e�w� �o�f� �M�o�d�u�l�e� �C�o�n�t�e�n�t�s� 

�T�a�b�l�e� �4�.�1� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �d�a�t�a� �f�l�o�w� �o�f� �t�h�e� �m�o�d�u�l�e�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �M�o�d�u�l�e� �1� �h�e�l�p�s� 

�u�s�e�r�s� �i�d�e�n�t�i�f�y� �n�e�c�e�s�s�a�r�y� �o�r� �d�e�s�i�r�a�b�l�e� �c�a�p�i�t�a�l� �p�r�o�j�e�c�t�s� �f�o�r� �t�h�e� �w�a�t�e�r� �s�y�s�t�e�m� �a�n�d� �e�s�t�i�m�a�t�e�s� 

�t�h�e�i�r� �c�a�p�i�t�a�l� �n�e�e�d�s�.� �M�o�d�u�l�e� �2� �d�e�t�e�r�m�i�n�e�s� �f�i�n�a�n�c�i�n�g� �c�a�p�i�t�a�l� �n�e�e�d�s� �a�n�d� �h�e�l�p�s� �d�e�v�e�l�o�p� 

�f�i�n�a�n�c�i�n�g� �r�e�s�o�u�r�c�e�s� �f�o�r� �c�a�p�i�t�a�l� �p�r�o�j�e�c�t�s� �s�e�l�e�c�t�e�d� �i�n� �M�o�d�u�l�e� �1�.� �M�o�d�u�l�e� �3� �i�d�e�n�t�i�f�i�e�s� �a�n�n�u�a�l� 

�c�o�s�t� �o�f� �s�e�r�v�i�c�e� �a�n�d� �t�o�t�a�l� �c�o�s�t� �o�f� �o�p�e�r�a�t�i�n�g� �t�h�e� �w�a�t�e�r� �s�y�s�t�e�m�.� �U�s�i�n�g� �s�o�m�e� �r�e�s�u�l�t�s� �f�r�o�m� 

�M�o�d�u�l�e� �3�,� �M�o�d�u�l�e� �4� �s�e�t�s� �u�s�e�r� �c�h�a�r�g�e�s�.� 

�5�1



�T�a�b�l�e� �4�.�1�:� �D�a�t�a� �F�l�o�w� �o�f� �M�o�d�u�l�e�s� 

� � 

�M�o�d�u�l�e� �M�o�d�u�l�e� �F�u�n�c�t�i�o�n� �N�y�e� �a�a� �m�e� �O�T�H�E�R�S� �S�o�u�r�c�e� �o�f� �I�n�f�o�r�m�a�t�i�o�n� 

�1� �E�s�t�i�m�a�t�e�s� �c�a�p�i�t�a�l� �n�e�e�d�s� �a�.� �C�a�p�i�t�a�l� �P�r�o�g�r�a�m� �R�e�q�u�e�s�t�s� �_ ��_�a�.� �L�a�n�d�-�U�s�e� �P�l�a�n�s� 
�a�n�d� �F�u�n�d�i�n�g� �(�w�h�e�n� �b�.� �F�a�c�i�l�i�t�i�e�s� �I�n�v�e�n�t�o�r�y� �a�n�d� 
�c�o�m�b�i�n�e�d� �w�i�t�h� �M�o�d�u�l�e� �2�)� �r�e�c�o�r�d�s� 

�c�.� �C�a�p�i�t�a�l� �I�m�p�r�o�v�e�m�e�n�t� 
�P�r�o�g�r�a�m� 

�d�.� �C�h�a�p�t�e�r� �I�I�I� �o�f� �t�h�i�s� �s�t�u�d�y� 

�2� �F�i�n�a�n�c�i�n�g� �C�a�p�i�t�a�l� �a�.� �C�a�p�i�t�a�l� �P�r�o�g�r�a�m� �R�e�q�u�e�s�t�s� �_ ��_�a�.� �C�a�p�i�t�a�l� �I�m�p�r�o�v�e�m�e�n�t� 
�N�e�e�d�s� �a�n�d� �F�u�n�d�i�n�g� �P�r�o�g�r�a�m� 

�b�.� �F�i�n�a�n�c�i�a�l� �C�a�p�a�b�i�l�i�t�y� �b�.� �A�p�p�e�n�d�i�x� �C�:� �S�o�u�r�c�e� �o�f� 
�M�e�a�s�u�r�e�s� �F�u�n�d�i�n�g� �a�n�d� �F�i�n�a�n�c�i�n�g� �i�n� 

�V�i�r�g�i�n�i�a� 
�3� �D�e�t�e�r�m�i�n�i�n�g� �A�n�n�u�a�l� �a�.� �C�a�r�r�i�e�d� �t�o� �M�o�d�u�l�e� �4� �a�.� �A�n�n�u�a�l� �R�e�p�o�r�t� �t�o� �S�t�a�t�e� 

�C�o�s�t� �o�f� �S�e�r�v�i�c�e� �A�u�d�i�t�o�r� 
�b�.� �A�n�n�u�a�l� �B�u�d�g�e�t� 

�4� �S�e�t�t�i�n�g� �U�s�e�r� �C�h�a�r�g�e�s� �a�.� �U�s�e�r� �C�h�a�r�g�e� �S�t�r�u�c�t�u�r�e� �a�.� �A�n�n�u�a�l� �R�e�p�o�r�t� �t�o� �S�t�a�t�e� 
�A�u�d�i�t�o�r� 

�b�.� �A�n�n�u�a�l� �B�u�d�g�e�t� 
�c�.� �B�i�l�l�i�n�g� �a�n�d� �C�u�s�t�o�m�e�r� 

�R�e�c�o�r�d�s� � � � � � � 

�S�o�u�r�c�e�:� �D�e�r�i�v�e�d� �f�r�o�m� �S�h�i�n�n� �a�n�d� �R�a�n�d�o�l�p�h�,� �1�9�8�9�:� �F�i�g�u�r�e� �1�,� �p�a�g�e� �2�.� 

�M�o�d�u�l�e� �1� �a�n�d� �2� �a�r�e� �o�r�g�a�n�i�z�e�d� �o�n� �a� �f�i�v�e�-�y�e�a�r� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�.� �A� �f�i�v�e�-�y�e�a�r� �p�e�r�i�o�d� 

�w�a�s� �r�a�n�d�o�m�l�y� �c�h�o�s�e�n� �a�n�d� �c�a�n� �b�e� �c�h�a�n�g�e�d� �t�o� �m�e�e�t� �t�h�e� �s�p�e�c�i�f�i�c� �n�e�e�d�s� �o�f� �a� �p�r�o�j�e�c�t�.� �A� �f�u�l�l� 

�a�n�a�l�y�s�i�s�,� �f�o�r� �e�x�a�m�p�l�e�,� �w�o�u�l�d� �r�e�q�u�i�r�e� �a� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n� �o�f� �2�0�-�2�5� �y�e�a�r�s�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� 

�l�i�f�e� �o�f� �t�h�e� �e�q�u�i�p�m�e�n�t� �a�n�d� �t�h�e� �p�r�o�j�e�c�t� �t�i�m�e� �f�r�a�m�e�.� �I�n� �e�f�f�e�c�t�,� �t�h�e� �u�s�e�r� �o�f� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t� �c�a�n� 

�s�e�l�e�c�t� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�.� 

�N�u�m�b�e�r�s� �e�n�t�e�r�e�d� �i�n� �t�h�e�s�e� �m�o�d�u�l�e�s� �a�r�e� �i�n� �t�h�o�u�s�a�n�d�s� �o�f� �d�o�l�l�a�r�s� �t�o� �k�e�e�p� �t�h�e� 

�s�p�r�e�a�d�s�h�e�e�t�s� �r�e�a�d�a�b�l�e�.� �A�c�t�u�a�l� �n�u�m�b�e�r�s� �a�r�e� �u�s�e�d� �m�o�r�e� �o�f�t�e�n� �i�n� �M�o�d�u�l�e� �3� �a�n�d� �4�.� �T�h�e�s�e� 

�m�o�d�u�l�e�s�,� �h�o�w�e�v�e�r�,� �a�r�e� �o�r�g�a�n�i�z�e�d� �t�o� �p�e�r�f�o�r�m� �c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �a� �o�n�e�-�y�e�a�r� �t�i�m�e� �f�r�a�m�e�.� 

�S�o�m�e� �s�p�r�e�a�d�s�h�e�e�t�s� �i�n� �M�o�d�u�l�e� �3� �a�n�d� �4� �a�r�e� �a�l�s�o� �o�r�g�a�n�i�z�e�d� �b�y� �p�r�o�j�e�c�t� �c�o�s�t� �c�a�t�e�g�o�r�i�e�s�,� �a�s� 

�l�i�s�t�e�d� �i�n� �M�o�d�u�l�e� �1�.� 

�5�2



�I�V�.� �D�.� �D�i�s�c�u�s�s�i�o�n� �o�f� �M�o�d�u�l�e�s� 

�M�o�d�u�l�e� �1�:� �E�s�t�i�m�a�t�i�n�g� �C�a�p�i�t�a�l� �N�e�e�d�s� 

�T�a�b�l�e� �4�.�2� �s�u�m�m�a�r�i�z�e�s� �i�n�f�o�r�m�a�t�i�o�n� �i�n�p�u�t�s� �a�n�d� �o�u�t�p�u�t�s� �f�o�r� �M�o�d�u�l�e� �1�.� �C�o�n�s�i�s�t�i�n�g� �o�f� 

�t�w�o� �s�p�r�e�a�d�s�h�e�e�t�s�,� �1� �a�n�d� �1�A�,� �t�h�i�s� �m�o�d�u�l�e� �h�e�l�p�s� �i�d�e�n�t�i�f�y� �c�a�p�i�t�a�l� �p�r�o�j�e�c�t�s� �n�e�e�d�e�d� �o�r� �d�e�s�i�r�e�d� 

�f�o�r� �a� �w�a�t�e�r� �s�y�s�t�e�m�.� �C�a�p�i�t�a�l� �p�r�o�j�e�c�t�s� �c�a�n� �c�o�n�s�i�s�t� �o�f� �c�o�n�s�t�r�u�c�t�i�o�n�,� �r�e�h�a�b�i�l�i�t�a�t�i�o�n� �o�f� �e�x�i�s�t�i�n�g� 

�e�q�u�i�p�m�e�n�t�,� �o�r� �p�u�r�c�h�a�s�e� �o�f� �e�q�u�i�p�m�e�n�t� �t�o� �i�m�p�r�o�v�e� �o�r� �e�n�h�a�n�c�e� �s�y�s�t�e�m� �o�p�e�r�a�t�i�o�n�.� �T�a�b�l�e� �4�.�3� 

�l�i�s�t�s� �p�r�o�j�e�c�t� �c�o�m�p�o�n�e�n�t�s� �o�f� �M�o�d�u�l�e� �1� �a�n�d� �t�h�e�i�r� �r�e�l�a�t�e�d� �p�r�o�j�e�c�t� �e�x�a�m�p�l�e�s�.� �C�a�p�i�t�a�l� �p�r�o�j�e�c�t� 

�c�o�s�t�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �f�o�r� �a� �s�e�l�e�c�t�e�d� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n� �a�n�d� �a�d�j�u�s�t�e�d� �f�o�r� �i�n�f�l�a�t�i�o�n� �(�w�h�e�n� 

�a�p�p�r�o�p�r�i�a�t�e�)� �o�n� �s�p�r�e�a�d�s�h�e�e�t�s� �|� �a�n�d� �1�A�.� 

�C�a�p�i�t�a�l� �p�r�o�j�e�c�t�s� �d�o� �n�o�t� �i�n�c�l�u�d�e� �r�o�u�t�i�n�e� �m�a�i�n�t�e�n�a�n�c�e�.� �O�p�e�r�a�t�i�n�g� �c�o�s�t�s� �a�r�e� �r�e�c�o�r�d�e�d� 

�i�n� �M�o�d�u�l�e� �3�.� �C�h�a�n�g�e�s� �i�n� �o�p�e�r�a�t�i�o�n�,� �m�a�i�n�t�e�n�a�n�c�e�,� �a�n�d� �r�e�p�a�i�r� �(�O�M�&�R�)�,� �h�o�w�e�v�e�r�,� �a�r�e� 

�r�e�q�u�i�r�e�d� �i�n� �M�o�d�u�l�e� �1�.� �T�h�e�s�e� �a�r�e� �e�s�t�i�m�a�t�e�d� �O�M�&�R� �c�h�a�n�g�e�s� �t�h�a�t� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �n�e�w� 

�s�y�s�t�e�m� �c�o�m�p�o�n�e�n�t� �o�r� �f�a�c�i�l�i�t�y�.� �O�M�&�R� �e�n�t�r�i�e�s� �a�r�e� �r�e�q�u�i�r�e�d� �o�n� �S�p�r�e�a�d�s�h�e�e�t� �1�A�.� �T�h�e�y� �a�r�e� 

�s�u�m�m�a�r�i�z�e�d� �a�n�d� �a�d�j�u�s�t�e�d� �f�o�r� �i�n�f�l�a�t�i�o�n� �i�n� �S�p�r�e�a�d�s�h�e�e�t� �1�.� 

�I�n�f�o�r�m�a�t�i�o�n� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �M�o�d�u�l�e� �1� �c�o�n�s�i�s�t� �o�f� �a� �l�i�s�t� �o�f� �p�r�o�j�e�c�t� �n�e�e�d�s� �a�n�d� �c�o�s�t�s�.� 

�S�o�u�r�c�e�s� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �M�o�d�u�l�e� �1� �i�n�c�l�u�d�e� �p�r�e�v�i�o�u�s� �e�n�g�i�n�e�e�r�i�n�g� �r�e�p�o�r�t�s�,� �e�a�r�l�i�e�r� �s�y�s�t�e�m� 

�n�e�e�d�s� �a�s�s�e�s�s�m�e�n�t�s�,� �c�a�p�i�t�a�l� �i�m�p�r�o�v�e�m�e�n�t� �p�l�a�n�s�,� �o�r� �t�h�e� �u�t�i�l�i�t�y� �m�a�n�a�g�e�r ��s� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� 

�s�y�s�t�e�m�.� �A�n� �i�n�f�l�a�t�i�o�n�a�r�y� �r�a�t�e� �c�a�n� �a�l�s�o� �b�e� �i�n�c�l�u�d�e�d� �f�o�r� �t�h�e� �p�l�a�n�n�i�n�g� �p�e�r�i�o�d� �t�o� �b�r�i�n�g� �f�u�t�u�r�e� 

�v�a�l�u�e�s� �b�a�c�k� �t�o� �t�o�d�a�y ��s� �d�o�l�l�a�r�s�.� �A� �c�o�n�s�e�r�v�a�t�i�v�e� �e�s�t�i�m�a�t�e� �f�o�r� �t�h�e� �i�n�f�l�a�t�i�o�n� �r�a�t�e�,� �a�s�s�u�m�i�n�g� �a� 

�h�i�g�h�e�r� �r�a�t�e�,� �i�s� �r�e�c�o�m�m�e�n�d�e�d� �t�o� �a�v�o�i�d� �u�n�d�e�r� �e�s�t�i�m�a�t�i�n�g� �f�u�t�u�r�e� �c�o�s�t�s�.� �D�e�p�e�n�d�i�n�g� �o�n� �t�h�e� 

�s�i�t�u�a�t�i�o�n�,� �a�n� �i�n�f�l�a�t�i�o�n� �r�a�t�e� �m�a�y� �n�o�t� �b�e� �n�e�c�e�s�s�a�r�y�.� 

�5�3



�T�a�b�l�e� �4�.�2� 
�I�n�f�o�r�m�a�t�i�o�n� �N�e�e�d�s� �a�n�d� �O�u�t�p�u�t� �f�o�r� �M�o�d�u�l�e� �1� 

�.� �I�n�f�o�r�m�a�t�i�o�n� �N�e�e�d�e�d�,� � � � � 
�(�Y�o�u�r� �E�n�t�r�y�)� 

�1� �C�o�s�t�S�u�m�m�a�r�y�:� �T�o�t�a�l� �a�.� �.�O�p�t�i�o�n�a�l�:� �A�n�n�u�a�l� �O�p�e�r�a�t�i�n�g� �C�o�s�t�s� �(� �a�.� �.�T�o�t�a�l� �c�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�s�:� �p�e�r� 

�C�o�s�t�s� �o�f� �N�e�w� �P�r�o�j�e�c�t�s� �i�f� �t�h�e�y� �v�a�r�y� �f�r�o�m� �y�e�a�r� �t�o� �y�e�a�r�)� �-�y�e�a�r� �a�n�d� �f�o�r� �t�h�e� �p�l�a�n�n�i�n�g� 

�(�f�o�r� �a� �f�i�v�e�-�y�e�a�r� �p�l�a�n�n�i�n�g� �-�h�o�r�i�z�o�n� 

�h�o�r�i�z�o�n�)� 
�b�.� �-�I�n�f�l�a�t�i�o�n�a�r�y� �r�a�t�e� �f�o�r� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s� �b�.� �:�T�o�t�a�l� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s� �(�a�d�j�u�s�t�e�d� 

�f�o�r� �i�n�f�l�a�t�i�o�n�)�:� �p�e�r� �y�e�a�r� �a�n�d� �f�o�r� 
�t�h�e� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n� 

�p�
 

�1�A� �I�n�v�e�n�t�o�r�y� �o�f� �C�o�s�t�s� �b�y� �T�y�p�e� �o�f� �p�r�o�j�e�c�t� �a�.� �A�n�n�u�a�l� �p�r�o�j�e�c�t� �c�o�s�t� �a�d�j�u�s�t�e�d� �f�o�r� 

�P�r�o�j�e�c�t� �(�f�o�r� �a� �f�i�v�e� �y�e�a�r� �i�n�f�l�a�t�i�o�n� 

�p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�)� 
�b�.� �C�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�s� �f�o�r� �e�a�c�h� �p�r�o�j�e�c�t� �i�n� �b�.� �-�T�o�t�a�l� �p�r�o�j�e�c�t� �c�o�s�t� �(�a�d�j�u�s�t�e�d� �f�o�r� 

�t�o�d�a�y�'�s� �d�o�l�l�a�r�s� �i�n�f�l�a�t�i�o�n�)� �f�o�r� �t�h�e� �p�l�a�n�n�i�n�g� 
�h�o�r�i�z�o�n� 

�c�.� �E�s�t�i�m�a�t�e�d� �%� �o�f� �p�r�o�j�e�c�t� �c�o�s�t� �s�p�e�n�t� 
�a�n�n�u�a�l�l�y� 

�d�.� �-�A�n�n�u�a�l� �O�p�e�r�a�t�i�n�g� �C�o�s�t� 
�I�n�f�l�a�t�i�o�n� �R�a�t�e� �f�o�r� �c�o�n�s�t�r�u�c�t�i�o�n� 

�e�.� �-� �p�r�o�j�e�c�t�s� � � � � � � 

�S�o�u�r�c�e�:� �D�e�r�i�v�e�d� �f�r�o�m� �S�h�i�n�n� �&� �R�a�n�d�o�l�p�h�,� �1�9�8�9� 
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�T�a�b�l�e� �4�.�3�:� �W�a�t�e�r� �C�a�p�i�t�a�l� �P�r�o�j�e�c�t�s� �E�x�a�m�p�l�e�s� 

�C�a�p�i�t�a�l� �P�r�o�j�e�c�t� �C�o�m�p�o�n�e�n�t� �E�x�a�m�p�l�e�s� �o�f� �P�r�o�j�e�c�t�s� 

� � 

�S�o�u�r�c�e� �o�f� �S�u�p�p�l�y� �A� �n�e�w� �r�e�s�e�r�v�o�i�r� �a�n�d� �f�a�c�i�l�i�t�i�e�s� �t�o� �p�u�m�p� �r�a�w� �s�u�r�f�a�c�e� �o�r� �g�r�o�u�n�d� �w�a�t�e�r� 

�P�r�o�d�u�c�t�i�o�n� �a�n�d� �T�r�e�a�t�m�e�n�t� �A� �n�e�w� �o�r� �a�n� �a�d�d�i�t�i�o�n�a�l� �t�r�e�a�t�m�e�n�t� �f�a�c�i�l�i�t�y�;� �r�e�b�u�i�l�d�i�n�g� �a�n� �o�l�d� �p�u�m�p�;� �r�a�w� 
�w�a�t�e�r� �l�i�n�e�s� �a�n�d� �p�u�m�p�s�;� �t�r�e�a�t�e�d� �w�a�t�e�r� �p�u�m�p�s�/�m�a�i�n� 

�D�i�s�t�r�i�b�u�t�i�o�n� �S�t�o�r�a�g�e� �A� �n�e�w� �s�t�o�r�a�g�e� �t�a�n�k� 

�D�i�s�t�r�i�b�u�t�i�o�n� �&� �T�r�a�n�s�m�i�s�s�i�o�n� �N�e�w� �d�i�s�t�r�i�b�u�t�i�o�n� �o�r� �t�r�a�n�s�m�i�s�s�i�o�n� �m�a�i�n�s� 

�M�e�t�e�r�s� �a�n�d� �S�e�r�v�i�c�e� �N�e�w� �m�e�t�e�r�s� �a�n�d� �c�u�s�t�o�m�e�r� �s�e�r�v�i�c�e� �f�a�c�i�l�i�t�i�e�s� 

�S�o�u�r�c�e� �P�r�o�t�e�c�t�i�o�n� �S�o�u�r�c�e� �p�r�o�t�e�c�t�i�o�n� �p�r�o�g�r�a�m� 

�F�i�r�e� �P�r�o�t�e�c�t�i�o�n� �H�y�d�r�a�n�t�s� �a�n�d� �s�t�a�n�d�p�i�p�e�s� 

�A�d�m�i�n�i�s�t�r�a�t�i�o�n� �O�f�f�i�c�e� �b�u�i�l�d�i�n�g�s�;� �v�e�h�i�c�l�e�s� �u�s�e�d� �b�y� �a�d�m�i�n�i�s�t�r�a�t�i�o�n�;� �o�f�f�i�c�e� �e�q�u�i�p�m�e�n�t�;� 
�p�r�o�j�e�c�t�s� �t�h�a�t� �d�o� �n�o�t� �f�i�t� �i�n� �o�t�h�e�r� �c�a�t�e�g�o�r�i�e�s� � � � � �B�i�l�l�i�n�g� �V�e�h�i�c�l�e�s� �f�o�r� �m�e�t�e�r� �r�e�a�d�i�n�g�;� �c�o�m�p�u�t�e�r�s� �a�n�d� �s�o�f�t�w�a�r�e� �f�o�r� �b�i�l�l�i�n�g� 

�S�o�u�r�c�e�:� �D�e�r�i�v�e�d� �f�r�o�m� �S�h�i�n�n� �a�n�d� �R�a�n�d�o�l�p�h�,� �1�9�8�9�:� �F�i�g�u�r�e� �5�,� �p�a�g�e� �1�1�.� 
� � 

�M�o�d�u�l�e� �2�:� �F�i�n�a�n�c�i�n�g� �C�a�p�i�t�a�l� �N�e�e�d�s� 

�T�a�b�l�e� �4�.�4� �s�u�m�m�a�r�i�z�e�s� �i�n�f�o�r�m�a�t�i�o�n� �i�n�p�u�t�s� �a�n�d� �o�u�t�p�u�t�s� �f�o�r� �M�o�d�u�l�e� �2�.� �C�o�n�s�i�s�t�i�n�g� �o�f� 

�s�e�v�e�n� �s�p�r�e�a�d�s�h�e�e�t�s�,� �2� �t�o� �2�F�,� �M�o�d�u�l�e� �2� �h�e�l�p�s� �d�e�v�e�l�o�p� �f�i�n�a�n�c�i�n�g� �s�o�u�r�c�e�s� �f�o�r� �p�r�o�j�e�c�t�s� 

�i�d�e�n�t�i�f�i�e�d� �i�n� �M�o�d�u�l�e� �1�.� �T�h�e� �f�i�r�s�t� �s�p�r�e�a�d�s�h�e�e�t� �(�2�F�)� �w�a�s� �d�e�s�i�g�n�e�d� �t�o� �e�v�a�l�u�a�t�e� �d�i�f�f�e�r�e�n�t� 

�f�i�n�a�n�c�i�n�g� �o�p�t�i�o�n�s� �f�o�r� �t�h�e� �s�a�m�e� �p�r�o�j�e�c�t�.� �O�u�t�p�u�t�s� �f�r�o�m� �S�p�r�e�a�d�s�h�e�e�t� �2�F� �i�n�c�l�u�d�e� �r�a�t�e� 

�i�n�c�r�e�a�s�e� �p�e�r� �1�,�0�0�0� �g�a�l�l�o�n�s�,� �t�a�x� �a�n�d� �r�a�t�e� �i�m�p�a�c�t� �o�n� �a�v�e�r�a�g�e� �r�e�s�i�d�e�n�c�e�,� �a�n�d� �t�o�t�a�l� �i�m�p�a�c�t� �o�n� 

�a�s�s�e�s�s�e�d� �u�s�e�r�s�.� �A�l�t�h�o�u�g�h� �S�p�r�e�a�d�s�h�e�e�t� �2�F� �i�s� �o�p�t�i�o�n�a�l�,� �t�h�e� �o�u�t�p�u�t�s� �c�a�n� �h�e�l�p� �t�h�e� �u�s�e�r� �c�h�o�s�e� 

�a� �d�e�s�i�r�a�b�l�e� �t�y�p�e� �o�f� �f�i�n�a�n�c�i�n�g� �f�o�r� �t�h�e� �p�r�o�j�e�c�t�.� �O�n�c�e� �a� �f�i�n�a�n�c�i�n�g� �a�l�t�e�r�n�a�t�i�v�e� �i�s� �s�e�l�e�c�t�e�d�,� 

�o�u�t�p�u�t�s� �f�o�r� �t�h�a�t� �s�e�l�e�c�t�i�o�n� �c�a�n� �b�e� �e�n�t�e�r�e�d� �i�n�t�o� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �s�p�r�e�a�d�s�h�e�e�t�s� �i�n� �M�o�d�u�l�e� �2�.� 

�I�n�c�l�u�d�e�d� �i�n� �M�o�d�u�l�e� �2� �a�r�e� �t�w�o� �t�a�b�l�e�s� �t�o� �m�a�k�e� �c�a�l�c�u�l�a�t�i�o�n�s�.� �A�p�p�e�n�d�i�x� �E� �i�s� �a� �d�e�b�t� 

�s�e�r�v�i�c�e� �f�a�c�t�o�r� �t�a�b�l�e�.� �T�h�e� �l�a�t�t�e�r� �i�s� �u�s�e�d� �t�o� �c�o�n�v�e�r�t� �a� �c�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�,� �b�o�n�d� �t�e�r�m�,� �a�n�d� �b�o�n�d� 

�i�n�t�e�r�e�s�t� �r�a�t�e� �i�n�t�o� �t�h�e� �a�n�n�u�a�l� �d�e�b�t� �s�e�r�v�i�c�e� �p�a�i�d� �o�n� �t�h�e� �b�o�n�d�s� �t�h�a�t� �f�i�n�a�n�c�e� �t�h�e� �p�r�o�j�e�c�t�.� �T�h�i�s� 

�t�a�b�l�e� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �a�l�l� �b�o�n�d�s�:� �g�e�n�e�r�a�l� �o�b�l�i�g�a�t�i�o�n�;� �r�e�v�e�n�u�e�;� �o�r� �a�s�s�e�s�s�m�e�n�t�.� �A�p�p�e�n�d�i�x� �E� 

�5�5



�T�a�b�l�e� �4�.�4� 
�I�n�f�o�r�m�a�t�i�o�n� �N�e�e�d�s� �a�n�d� �O�u�t�p�u�t� �f�o�r� �M�o�d�u�l�e� �2� 

� � 

�P�t�e�i�t�e�r� �t�c� �t�i�e�m� �t�a�s�e� �C�a�y� 
�a�f�s�u�e�s�u�l�a�g� 

�2� �I�m�p�a�c�t� �o�f� �C�a�p�i�t�a�l� �P�r�o�j�e�c�t� �o�n� �A�l�l� �U�s�e�r�s�,� �a� �%� �r�e�v�e�n�u�e� �f�r�o�m� �h�o�u�s�e�h�o�l�d� �c�u�s�t�o�m�e�r�s� �a�.� �T�o�t�a�l� �a�d�d�i�t�i�o�n�a�l� �r�e�v�e�n�u�e� �r�e�q�u�i�r�e�m�e�n�t�s� 
�T�a�x�e�s�,� �a�n�d� �U�s�e�r� �S�u�b�g�r�o�u�p�s� 

�C�u�r�r�e�n�t� �a�v�e�r�a�g�e� �a�n�n�u�a�l� �w�a�t�e�r� �b�i�l�l� �b�.� �E�s�t�i�m�a�t�e�d� �a�n�n�u�a�l� �b�i�l�l� �p�e�r� �H�H� 
�c�.� �G�a�l�l�o�n�s� �c�o�n�s�u�m�e�d� �b�y� �a�l�l� �c�u�s�t�o�m�e�r�s� �c�.� �A�d�d�i�t�i�o�n�a�l� �c�o�s�t�/�1�0�0�0� �g�a�l� 

�N�u�m�b�e�r� �o�f� �c�u�s�t�o�m�e�r�s� �p�a�y�i�n�g� �a�s�s�e�s�s�m�e�n�t�s� �d�.� �T�o�t�a�l� �c�o�s�t� �i�n�c�r�e�a�s�e� �(�r�a�t�e�s� �p�l�u�s� �t�a�x�e�s�)� �f�o�r� �a�l�l� �u�s�e�r�s� 
�d�.� 
�e�.� �G�a�l�l�o�n�s� �c�o�n�s�u�m�e�d� �b�y� �a�s�s�e�s�s�e�d�/�s�u�r�c�h�a�r�g�e�d� �u�s�e�r�s� �e�.� �A�v�e�.� �a�n�n�u�a�l� �u�n�b�o�n�d�e�d� �o�r� �b�o�n�d�e�d� �a�s�s�e�s�s�m�e�n�t� 
�f�.� �A�s�s�e�s�s�e�d� �v�a�l�u�e� �o�f� �a�v�e�.� �r�e�s�i�d�e�n�c�e� �f�.� �T�o�t�a�l� �i�m�p�a�c�t� �o�n� �b�o�n�d�e�d� �o�r� �u�n�b�o�n�d�e�d� �a�s�s�e�s�s�e�d� �u�s�e�r�s� 

�g�.� �U�n�b�o�n�d�e�d� �a�s�s�e�s�s�m�e�n�t�s�/�s�u�r�c�h�a�r�g�e�s� �g�.� �B�o�n�d�e�d� �o�r� �u�n�b�o�n�d�e�d� �a�s�s�e�s�s�m�e�n�t� �c�o�s�t�/�1�0�0�0� �g�a�l� 

�2�F� �P�r�o�j�e�c�t� �F�i�n�a�n�c�i�n�g� �A�n�a�l�y�s�i�s�:� �L�o�o�k�i�n�g� �a�t� �a�.� �A�d�d�i�t�i�o�n�a�l� �O�M�&�R� �c�o�s�t�,� �I�s�t� �y�e�a�r� �o�f� �o�p�e�r�a�t�i�o�n� �a�.� �T�o�t�a�l� �f�i�n�a�n�c�i�n�g� 
�t�h�e� �O�p�t�i�o�n�s� 

�(�4� �o�p�t�i�o�n�s� �d�e�s�i�g�n�,� �e�x�p�a�n�d�a�b�l�e� �t�o� �d�e�s�i�r�e�d� �>�.� �A�m�o�u�n�t� �t�o� �b�e� �f�i�n�a�n�c�e�d� �b�y� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �b�o�n�d�s� �b�.� �R�a�t�e�-�s�u�p�p�o�r�t�e�d� �b�o�n�d� �d�e�b�t� �s�e�r�v�i�c�e� 
�n�u�m�b�e�r�)� 

�¢�.� �A�m�o�u�n�t� �f�r�o�m� �r�e�v�o�l�v�i�n�g� �L�o�a�n�s� �c�,� �R�e�v�o�l�v�i�n�g� �l�o�a�n� �d�e�b�t� �s�e�r�v�i�c�e� 
�¢�.� �A�m�o�u�n�t� �t�o� �b�e� �f�i�n�a�n�c�e�d� �b�y� �t�a�x� �s�u�p�p�o�r�t�e�d� �b�o�n�d�s� �o�r� �l�o�a�n�s� �d�.� �A�n�n�u�a�l� �r�e�s�e�r�v�e� �c�o�n�t�r�i�b�u�t�i�o�n�s� 

�e�.� �A�m�t�.� �t�o� �b�e� �f�i�n�a�n�c�e�d� �b�y� �a�s�s�e�s�s�m�e�n�t�s�/�s�u�r�c�h�a�r�g�e�s� �e�.� �T�o�t�a�l� �a�n�n�u�a�l� �i�n�c�r�e�a�s�e� �i�n� �r�a�t�e�s� 
�f� �A�m�t�.� �t�o� �b�e� �f�i�n�a�n�c�e�d� �b�y� �c�a�p�i�t�a�l� �f�e�e�s� �f�.� �R�a�t�e� �i�n�c�r�e�a�s�e� �p�e�r� �1�0�0�0� �g�a�l�.� 
�g�-� �A�m�t�.� �t�o� �b�e� �f�i�n�a�n�c�e�d� �b�y� �r�e�s�e�r�v�e�s� �g�.� �R�a�t�e� �i�m�p�a�c�t� �o�n� �a�v�e�r�a�g�e� �a�n�n�u�a�l� �h�o�u�s�e�h�o�l�d� �c�o�s�t� 
�h�.� �A�m�t�.� �t�o� �b�e� �f�i�n�a�n�c�e�d� �b�y� �c�u�r�r�e�n�t� �U�s�e�r� �F�e�e�s� �h�.� �T�o�t�a�l� �t�a�x� �a�n�d� �r�a�t�e� �i�m�p�a�c�t� �o�n� �a�v�e�r�a�g�e� �r�e�s�i�d�e�n�c�e� 
�i�.� �%� �r�e�v�e�n�u�e� �f�r�o�m� �h�o�u�s�e�h�o�l�d�s� �i�.� �T�a�x�-�s�u�p�p�o�r�t�e�d� �d�e�b�t� �s�e�r�v�i�c�e� 
�j�.� �N�u�m�b�e�r� �o�f� �h�o�u�s�e�h�o�l�d� �c�u�s�t�o�m�e�r�s� �}�.� �E�f�f�e�c�t� �o�n� �t�a�x� �r�a�t�e� �p�e�r� �$�1�0�0�0� 
�k�.� �G�a�l�l�o�n�s� �c�o�n�s�u�m�e�d� �b�y� �a�l�l� �c�u�s�t�o�m�e�r�s� �k�.� �T�o�t�a�l� �i�m�p�a�c�t� �o�n� �a�s�s�e�s�s�e�d� �u�s�e�r�s� 
�I�.� �T�o�t�a�l� �a�s�s�e�s�s�e�d� �v�a�l�u�e� �1�.� �A�s�s�e�s�s�m�e�n�t�/�s�u�r�c�h�a�r�g�e� �c�o�s�t� �p�e�r� �1�0�0�0� �g�a�l�.� 
�m�.� �A�s�s�e�s�s�e�d� �v�a�l�u�e� �o�f� �a�v�e�r�a�g�e� �h�o�m�e� 
�n�.� �A�s�s�e�s�s�m�e�n�t�s� �f�o�r� �s�u�r�c�h�a�r�g�e�s� �p�a�i�d� �a�n�n�u�a�l�l�y� 
�o�.� �#� �o�f� �c�u�s�t�o�m�e�r�s� �p�a�y�i�n�g� �a�s�s�e�s�s�m�e�n�t� 
�p�.� �A�v�e�r�a�g�e� �a�n�n�u�a�l� �a�s�s�e�s�s�m�e�n�t� 
�q�.� �G�a�l�l�o�n�s� �c�o�n�s�u�m�e�d� �b�y� �a�s�s�e�s�s�e�d� �u�s�e�r�s� 
�r�.� �S�i�n�k�i�n�g� �f�u�n�d� �f�a�c�t�o�r� 
�s�.� �D�e�b�t� �s�e�r�v�i�c�e� �f�a�c�t�o�r�s� �f�o�r� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �b�o�n�d�s�,� �r�e�v�o�l�v�i�n�g� 

�l�o�a�n�s�,� �t�a�x�-�s�u�p�p�o�r�t�e�d� �b�o�n�d�s�,� �a�s�s�e�s�s�e�d�-�s�u�p�p�o�r�t�e�d� �b�o�n�d�s� 

�2�E� �P�r�o�j�e�c�t� �F�i�n�a�n�c�i�n�g� �D�e�t�a�i�l�s� �a�.� �S�o�u�r�c�e�s� �o�f� �f�i�n�a�n�c�i�n�g� �i�n� �$�1�0�0�0�s� �a�.� �T�o�t�a�l� �f�i�n�a�n�c�i�n�g� �f�o�r� �5� �y�e�a�r�s� 
�(�f�i�v�e� �y�e�a�r� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�)� �b�.� �N�a�m�e� �a�n�d� �c�o�s�t� �o�f� �p�r�o�j�e�c�t� 

�2�D� �S�u�m�m�a�r�y� �S�h�e�e�t�:� �T�o�t�a�l� �o�f� �P�r�o�j�e�c�t�s� �a�.� �T�o�t�a�l�s� �f�r�o�m� �2�E� �a�.� �T�o�t�a�l� �f�i�n�a�n�c�i�n�g� �c�o�s�t� �p�e�r� �v�e�a�r� 
�F�i�n�a�n�c�i�n�g� 

�b�.� �T�o�t�a�l� �f�i�n�a�n�c�i�n�g� �c�o�s�t� �f�o�r� �5� �y�r�s� 

�2�C� �C�a�l�c�u�l�a�t�i�n�g� �C�o�n�t�r�i�b�u�t�i�o�n� �o�n� �R�e�s�e�r�v�e� �a�.� �F�i�n�a�n�c�i�n�g� �e�x�p�e�c�t�e�d� �f�r�o�m� �r�e�s�e�r�v�e�s� �f�o�r� �Y�e�a�r� �5� �a�.� �T�o�t�a�l� �r�e�q�u�i�r�e�m�e�n�t�s� �f�r�o�m� �r�e�s�e�r�v�e�s� 
�F�u�n�d� 

�(�f�i�v�e� �y�e�a�r� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�)� �b�.� �S�i�n�k�i�n�g� �f�u�n�d� �f�a�c�t�o�r� �b�.� �T�o�t�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �f�o�r� �e�a�c�h� �y�e�a�r� 
�e�c�.� �T�o�t�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �r�e�s�e�r�v�e� 

�2�B� �C�a�l�c�u�l�a�t�i�n�g� �B�o�n�d�/�L�o�a�n� �S�i�z�e� �a�n�d� �a�.� �B�o�n�d�/�l�o�a�n� �p�r�o�c�e�e�d�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �c�o�n�s�t�r�u�c�t�i�o�n� �a�.� �T�o�t�a�l� �b�o�n�d�/�l�o�a�n� �f�u�n�d� �f�o�r� �e�a�c�h� �y�e�a�r� 
�C�a�s�h�f�l�o�w� 

�(�f�i�v�e� �y�e�a�r� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�}� �b�.� �B�o�n�d�/�l�o�a�n� �f�u�n�d� �c�a�r�r�y�o�v�e�r� �f�r�o�m� �p�r�e�v�i�o�u�s� �y�e�a�r� �b�.� �B�o�n�d�/�l�o�a�n� �f�u�n�d� �r�e�s�i�d�u�a�l� �f�o�r� �e�a�c�h� �y�e�a�r� 
�c�.� �A�n�n�u�a�l� �c�o�s�t� �o�f� �b�o�n�d�/�l�o�a�n� �f�i�n�a�n�c�e�d� �p�r�o�j�e�c�t�s� �c�.� �B�o�n�d�/�o�a�n� �f�u�n�d� �a�v�a�i�l�a�b�l�e� �f�o�r� �f�o�l�l�o�w�i�n�g� �y�e�a�r� 
�d�.� �I�n�t�e�r�e�s�t� �r�a�t�e� �o�n� �b�o�n�d�/�l�o�a�n� �f�u�n�d� �r�e�s�i�d�u�a�l� 

�2�A� �C�a�l�c�u�l�a�t�i�n�g� �D�e�b�t� �I�s�s�u�e�d� �a�n�d� �A�n�n�u�a�l� �R�e�v�e�n�u�e� �B�o�n�d�s� �&� �G�e�n�e�r�a�l� �O�b�l�i�g�a�t�i�o�n� �B�o�n�d�s� 
�D�e�b�t� �S�e�r�v�i�c�e� 

�a�.� �B�o�n�d� �p�r�o�c�e�e�d�s� �a�.� �T�o�t�a�l� �b�o�n�d� �i�s�s�u�i�n�g� �c�o�s�t�s� 
�b�.� �B�o�n�d� �i�s�s�u�a�n�c�e� �c�o�s�t�s� �b�.� �T�o�t�a�l� �n�e�w� �d�e�b�t� �s�e�r�v�i�c�e� 
�c�.� �D�e�b�t� �s�e�r�v�i�c�e� �f�a�c�t�o�r� �c�.� �T�o�t�a�l� �d�e�b�t� �s�e�r�v�i�c�e� 
�d�.� �E�x�i�s�t�i�n�g� �d�e�b�t� �s�e�r�v�i�c�e� �d�.� �T�o�t�a�!� �n�e�w� �i�s�s�u�e�s� 
�e�.� �C�u�r�r�e�n�t� �b�o�n�d�s� �o�u�t�s�t�a�n�d�i�n�g� �e�.� �T�o�t�a�l� �o�f� �a�l�l� �b�o�n�d� �i�s�s�u�e�s� 
�f�.� �N�e�w� �b�o�n�d� �i�s�s�u�e�s� �f�.� �T�o�t�a�l� �G�.�O�.� �d�e�b�t� 
�g�-� �D�e�b�t� �a�m�o�u�n�t� �p�a�i�d� �f�r�o�m� �c�h�a�r�g�e�s� �g�.� �N�e�t� �D�e�b�t� 
�h�.� �E�s�t�i�m�a�t�e�d� �p�o�p�u�l�a�t�i�o�n� �a�n�d� �%� �g�r�o�w�t�h� �h�.� �D�e�b�t� �p�e�r� �c�a�p�i�t�a� 
�#�.� �A�s�s�e�s�s�e�d� �V�a�l�u�e� �a�n�d� �%� �g�r�o�w�t�h� �i�.� �D�e�b�t�a�s� �a� �%� �o�f� �A�s�s�e�s�s�.� �V�a�l�u�e� 

�R�e�v�o�l�v�i�n�g� �L�o�a�n�s� 
�a�.� �L�o�a�n� �p�r�o�c�e�e�d�s� �a�.� �T�o�t�a�l� �l�o�a�n� �i�s�s�u�i�n�g� �c�o�s�t�s� 

�b�.� �L�o�a�n� �i�s�s�u�a�n�c�e� �c�o�s�t�s� �b�.� �T�o�t�a�l� �n�e�w� �l�o�a�n� �r�e�p�a�y�m�e�n�t�s� 
�c�.� �D�e�b�t� �s�e�r�v�i�c�e� �f�a�c�t�o�r� �c�.� �T�o�t�a�l� �l�o�a�n� �r�e�p�a�y�m�e�n�t�s� 

�d�.� �E�x�i�s�t�i�n�g� �l�o�a�n� �r�e�p�a�y�m�e�n�t�s� �d�.� �T�o�t�a�l� �o�f� �a�l�l� �l�o�a�n�s� 

�e�.� �C�u�r�r�e�n�t� �l�o�a�n� �o�u�t�s�t�a�n�d�i�n�g� �é�.� �T�o�t�a�l� �o�u�t�s�t�a�n�d�i�n�g� �w�a�t�e�r� �d�e�b�t� 
�f�.� �A�n�n�u�a�l� �w�a�t�e�r� �d�e�b�t� �s�e�r�v�i�c�e� � � � � � � 

�S�o�u�r�c�e�:� �D�e�r�i�v�e�d� �f�r�o�m� �S�h�i�n�n� �&� �R�a�n�d�o�l�p�h�,� �1�9�8�9� 

�5�6



�i�s� �u�s�e�d� �s�p�e�c�i�f�i�c�a�l�l�y� �i�n� �s�p�r�e�a�d�s�h�e�e�t�s� �2�F� �a�n�d� �2�A�.� �A�l�s�o� �i�n�c�l�u�d�e�d� �i�s� �a� �s�i�n�k�i�n�g� �f�u�n�d� �s�e�r�v�i�c�e� 

�f�a�c�t�o�r� �t�a�b�l�e� �(�A�p�p�e�n�d�i�x� �E�)�.� �T�h�e� �l�a�t�t�e�r� �i�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�n�n�u�a�l� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �a� 

�c�a�p�i�t�a�l� �r�e�s�e�r�v�e� �f�u�n�d�,� �g�i�v�e�n� �t�h�e� �a�m�o�u�n�t�,� �y�e�a�r� �n�e�e�d�e�d�,� �a�n�d� �t�h�e� �i�n�t�e�r�e�s�t� �r�a�t�e� �e�a�r�n�e�d� �i�n� �t�h�e� 

�r�e�s�e�r�v�e� �f�u�n�d�.� �A�p�p�e�n�d�i�x� �E� �i�s� �u�s�e�d� �i�n� �s�p�r�e�a�d�s�h�e�e�t�s� �2�F� �a�n�d� �2�C�.� �(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�:� �1�3�)�.� 

�T�h�e� �c�o�m�p�l�e�t�i�o�n� �o�f� �M�o�d�u�l�e� �2� �y�i�e�l�d�s� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� �f�i�n�a�n�c�i�n�g� �s�t�r�u�c�t�u�r�e� �f�o�r� �a� 

�c�a�p�i�t�a�l� �p�r�o�j�e�c�t� �a�n�d� �a�n�n�u�a�l� �e�s�t�i�m�a�t�e�s� �f�o�r� �t�h�e�i�r� �e�f�f�e�c�t� �o�n� �r�a�t�e�s� �a�n�d� �t�a�x�e�s�.� �T�h�a�t� �i�s�,� �M�o�d�u�l�e� �2� 

�p�r�o�d�u�c�e�s� �a� �f�i�v�e�-� �o�r� �t�e�n�-� �y�e�a�r� �p�l�a�n� �f�o�r� �c�a�p�i�t�a�l� �i�m�p�r�o�v�e�m�e�n�t�s� �t�h�a�t� �i�n�c�l�u�d�e�s� �t�h�e� �m�e�t�h�o�d� �o�f� 

�f�i�n�a�n�c�i�n�g� �f�o�r� �t�h�e� �p�r�o�j�e�c�t�s� �a�n�d� �t�h�e�i�r� �i�m�p�a�c�t�s� �o�n� �u�s�e�r� �c�h�a�r�g�e�s�,� �t�a�x�e�s�,� �a�n�d� �a�s�s�e�s�s�m�e�n�t�s�.� 

�T�h�e�s�e� �o�u�t�p�u�t�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �d�e�v�e�l�o�p� �a� �f�o�r�m�a�l� �c�a�p�i�t�a�l� �i�m�p�r�o�v�e�m�e�n�t� �p�r�o�g�r�a�m� �f�o�r� �t�h�e� �w�a�t�e�r� 

�d�i�v�i�s�i�o�n�,� �t�o� �i�n�f�o�r�m� �o�f�f�i�c�i�a�l�s� �a�n�d� �t�h�e� �p�u�b�l�i�c� �o�f� �t�h�e� �f�i�n�a�n�c�i�a�l� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �w�a�t�e�r� �d�i�v�i�s�i�o�n�,� 

�o�r� �t�o� �d�e�v�e�l�o�p� �f�u�t�u�r�e� �b�u�d�g�e�t�s�.� �S�o�m�e� �o�f� �t�h�e�s�e� �d�a�t�a� �a�r�e� �a�l�s�o� �u�s�e�d� �t�o� �d�e�v�e�l�o�p� �a� �f�u�l�l� �e�s�t�i�m�a�t�e� 

�o�f� �s�y�s�t�e�m� �c�o�s�t�s� �f�o�r� �t�h�e� �f�i�r�s�t� �y�e�a�r� �o�f� �t�h�e� �c�a�p�i�t�a�l� �p�r�o�g�r�a�m�.� �(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�:� �2�1�)�.� 

�M�o�d�u�l�e� �3�:� �D�e�t�e�r�m�i�n�i�n�g� �A�n�n�u�a�l� �C�o�s�t� �o�f� �S�e�r�v�i�c�e� 

�T�a�b�l�e� �4�.�5� �s�u�m�m�a�r�i�z�e�s� �i�n�p�u�t�s� �a�n�d� �o�u�t�p�u�t�s� �f�o�r� �M�o�d�u�l�e� �3�.� �C�o�n�s�i�s�t�i�n�g� �o�f� �s�e�v�e�n� 

�s�p�r�e�a�d�s�h�e�e�t�s�,� �3� �t�o� �3�G�,� �M�o�d�u�l�e� �3� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �t�o�t�a�l� �o�p�e�r�a�t�i�n�g� �c�o�s�t� �o�f� �t�h�e� �w�a�t�e�r� �s�y�s�t�e�m�.� 

�T�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �m�o�d�u�l�e� �a�r�e� �t�o� �p�r�o�v�i�d�e� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �s�e�t�t�i�n�g� �r�a�t�e�s� �i�n� �M�o�d�u�l�e� �4�,� �t�o� 

�d�e�t�e�r�m�i�n�e� �o�v�e�r�h�e�a�d� �c�o�s�t�s� �i�n� �o�r�d�e�r� �t�o� �s�e�t� �i�n�t�e�r�f�u�n�d� �t�r�a�n�s�f�e�r�s� �o�r� �p�a�y�m�e�n�t�s� �i�n� �l�i�e�u� �o�f� �t�a�x�e�s�,� 

�a�n�d� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �t�o�t�a�l� �c�o�s�t� �o�f� �p�r�o�v�i�d�i�n�g� �w�a�t�e�r� �s�e�r�v�i�c�e�.� 

�I�n� �c�o�n�t�r�a�s�t� �t�o� �M�o�d�u�l�e� �1� �a�n�d� �2�,� �t�h�i�s� �m�o�d�u�l�e� �c�o�l�l�e�c�t�s� �d�a�t�a� �f�o�r� �o�n�l�y� �o�n�e� �y�e�a�r� �i�n� �o�r�d�e�r� 

�t�o� �s�e�t� �r�a�t�e�s� �f�o�r� �t�h�e� �n�e�x�t� �y�e�a�r�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �t�h�e� �p�r�i�m�a�r�y� �s�o�u�r�c�e� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� 

�M�o�d�u�l�e� �3� �i�s� �t�h�e� �c�o�m�i�n�g� �y�e�a�r ��s� �b�u�d�g�e�t�.� �T�h�e� �m�o�d�u�l�e� �a�s�s�u�m�e�s� �t�h�a�t� �a�l�l� �c�o�s�t�s� �o�f� �t�h�e� �w�a�t�e�r� 

�u�t�i�l�i�t�y� �w�i�l�l� �b�e� �e�n�t�e�r�e�d�,� �i�n�c�l�u�d�i�n�g� �t�h�o�s�e� �n�o�t� �p�a�i�d� �f�r�o�m� �u�s�e�r� �c�h�a�r�g�e�s�.� �T�h�i�s� �a�s�s�u�m�p�t�i�o�n� 

�e�n�s�u�r�e�s� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �c�o�m�p�l�e�t�e� �a�s�s�e�s�s�m�e�n�t� �o�f� �t�h�e�  ��t�r�u�e �� �c�o�s�t� �o�f� �o�p�e�r�a�t�i�n�g� �t�h�e� 

�w�a�t�e�r� �s�y�s�t�e�m�.� �A�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �m�o�d�u�l�e�,� �r�e�v�e�n�u�e�s� �s�o�u�r�c�e�s� �n�o�t� �f�r�o�m� �u�s�e�r� �c�h�a�r�g�e�s� �a�r�e� 

�s�u�b�t�r�a�c�t�e�d� �t�o� �y�i�e�l�d� �t�h�e� �a�m�o�u�n�t� �t�h�a�t� �m�u�s�t� �b�e� �r�a�i�s�e�d� �f�r�o�m� �u�s�e�r� �c�h�a�r�g�e�s� �t�o� �b�e�g�i�n� �M�o�d�u�l�e� �4�.� 

�(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�:� �2�2�)�.� 

�I�n� �o�r�d�e�r� �t�o� �a�c�h�i�e�v�e� �t�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �t�o�t�a�l� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s� �o�f� �t�h�e� 

�w�a�t�e�r� �s�y�s�t�e�m� �i�n� �M�o�d�u�l�e� �3�,� �i�t� �i�s� �i�m�p�e�r�a�t�i�v�e� �t�o� �a�c�c�u�r�a�t�e�l�y� �i�d�e�n�t�i�f�y� �d�i�f�f�e�r�e�n�t� �c�o�s�t�s�.� �I�n� 

�M�o�d�u�l�e� �3�,� �t�o�t�a�l� �c�o�s�t� �i�s� �t�h�e� �s�u�m� �o�f� �a�l�l� �c�o�s�t�s�,� �d�i�r�e�c�t� �a�n�d� �i�n�d�i�r�e�c�t�,� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� 
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�T�a�b�l�e� �4�.�5� 

�I�n�f�o�r�m�a�t�i�o�n� �N�e�e�d�s� �a�n�d� �O�u�t�p�u�t� �f�o�r� �M�o�d�u�l�e� �3� 

�Y�a�n�i� �a�o�s� 
�#� �,� 

�3� �C�o�s�t� �o�f� �S�e�r�v�i�c�e� �S�u�m�m�a�r�y� �b�y� 
�P�r�o�j�e�c�t� �C�o�s�t� �C�a�t�e�g�o�r�y� 

�3�G� �D�e�t�e�r�m�i�n�i�n�g� �D�i�r�e�c�t� �B�e�n�e�f�i�t�s� 
�a�n�d� �C�o�s�t�s� 

�3�E� �A�l�l�o�c�a�t�i�o�n� �o�f� �D�e�p�a�r�t�m�e�n�t� 
�O�v�e�r�h�e�a�d� �C�o�s�t� �t�o� �W�a�t�e�r� 

�S�y�s�t�e�m�s� 

�3�D� �A�l�l�o�c�a�t�i�n�g� �G�o�v�e�r�n�m�e�n�t�-�W�i�d�e� 
�O�v�e�r�h�e�a�d� �C�o�s�t�s� 

�3�C� �D�e�t�e�r�m�i�n�i�n�g� �a�n�d� �A�l�l�o�c�a�t�i�n�g� 
�C�a�p�i�t�a�l� �C�o�s�t�s� 
�(� �b�y� �p�r�o�j�e�c�t� �c�o�s�t� �c�a�t�e�g�o�r�i�e�s�)� 

�3�B� �A�l�l�o�c�a�t�i�n�g� �S�a�l�a�r�y� �C�o�s�t�s� 

�(�o�p�t�i�o�n�a�l� �s�p�r�e�a�d�s�h�e�e�t�)� 

�3�A� �A�l�l�o�c�a�t�i�n�g� �D�i�r�e�c�t� �O�p�e�r�a�t�i�o�n� 
�a�n�d� �M�a�i�n�t�e�n�a�n�c�e� �C�o�s�t� �b�y� 

�P�r�o�j�e�c�t� �C�a�t�e�g�o�r�y� � � 
� � 

� � � 

� � � 

 �� �I�n�f�o�r�m�a�t�i�o�n� �N�e�e�d�e�d� 
�(�Y�o�u�r� �E�n�t�r�y�)� 

�l�l�o�c�a�t�i�o�n� �o�f� �g�e�n�e�r�a�l� �o�v�e�r�h�e�a�d� �b�y� 
�r�o�j�e�c�t� �c�a�t�e�g�o�r�y� 

�N�o�c�a�t�i�o�n� �o�f� �d�e�p�t�.� �o�v�e�r�h�e�a�d� 
�e�w� �O�&�M� �c�o�s�t�s� 

�a�x�e�s� �u�s�e�d� �f�o�r� �u�t�i�l�i�t�y� 

�o�n�n�e�c�t�i�o�n�/�h�o�o�k�-�u�p� �f�e�e�s� 

�t�h�e�r� �r�e�v�e�n�u�e� 

�e�n�e�f�i�t�s� �f�o�r� �t�h�e� �g�o�v�e�r�n�m�e�n�t� �o�r� �w�a�t�e�r� 

�d�e�p�t�.� �b�y� �c�a�t�e�g�o�r�y� 

�a�l�a�r�i�e�s�:� �d�e�p�t�.� �b�u�d�g�e�t�,� �t�h�o�s�e� �a�l�l�o�c�a�t�e�d� 
�i�r�e�c�t�l�y� �t�o� �w�a�t�e�r� �o�r� �o�t�h�e�r� �d�i�v�i�s�i�o�n�s� 

�o�n�-�l�a�b�o�r� �c�o�s�t� �b�y� �c�a�t�e�g�o�r�y� 

�o�t�a�l� �b�u�d�g�e�t�s� �o�f� �a�l�l� �d�i�v�i�s�i�o�n�s� �i�n� �d�e�p�t�.� 

�u�d�g�e�t� �o�f� �d�i�v�i�s�i�o�n� 

�e�n�e�r�a�l� �g�o�v�e�r�n�m�e�n�t� �c�o�s�t�s� �b�y� �c�a�t�e�g�o�r�y� 

�o�t�a�l� �b�u�d�g�e�t� �o�f� �g�o�v�e�r�n�m�e�n�t� �u�n�i�t� 

�a�j�o�r� �C�a�p�i�t�a�l� �E�x�p�e�n�d�i�t�u�r�e�s� 
�n�t�e�r�n�a�l� �t�r�a�n�s�f�e�r� 

�X�x�i�s�t�i�n�g� �d�e�b�t� �s�e�r�v�i�c�e� 

�e�w� �d�e�b�t� �s�e�r�v�i�c�e� �(�r�a�t�e� �s�u�p�p�o�r�t�e�d�)� 
�e�w� �d�e�b�t� �s�e�r�v�i�c�e� �(�t�a�x� �s�u�p�p�o�r�t�e�d� 
�a�p�i�t�a�l� �c�o�s�t�s� �f�r�o�m� �u�s�e�r� �c�h�a�r�g�e�s� 

�a�p�i�t�a�l� �r�e�s�e�r�v�e� �p�a�y�m�e�n�t� 

�a�l�a�r�y� �&� �w�a�g�e�s� �b�y� �p�r�o�j�e�c�t� 

�a�l�a�r�i�e�s� �a�n�d� �w�a�g�e�s� 

�a�t�e�r�i�a�l� �a�n�d� �s�u�p�p�l�i�e�s� �c�o�s�t� �b�r�e�a�k�d�o�w�n� 

�t�i�l�i�t�i�e�s� �c�o�s�t� �b�r�e�a�k�d�o�w�n� 

�P�r�o�f�e�s�s�i�o�n�a�l� �s�e�r�v�i�c�e�s� �p�a�i�d� �d�i�r�e�c�t�l�y� 
�r�o�m� �w�a�t�e�r� �p�r�o�j�e�c�t� 

�:� �P�a�y�m�e�n�t� �i�n� �l�i�e�u� �o�f� �t�a�x�e�s� 

�O�u�t�p�u�t� 

� � 

�T�o�t�a�l� �i�n�d�i�r�e�c�t� �c�o�s�t�s� 

�T�o�t�a�l� �O�&�M� �c�o�s�t�s� 
�T�o�t�a�l� �s�y�s�t�e�m� �c�o�s�t�s� 

�N�e�t� �c�h�a�r�g�e� �t�o� �b�e� �r�e�c�o�v�e�r�e�d� �f�r�o�m� 
�c�h�a�r�g�e�s� 

�T�o�t�a�l� �c�o�m�p�o�n�e�n�t� �a�l�l�o�c�a�t�i�o�n� �w�i�t�h� 
�a�d�m�i�n�i�s�t�r�a�t�i�o�n� �c�o�s�t�s� 

�B�e�n�e�f�i�t� �p�e�r�c�e�n�t�a�g�e� 

�T�o�t�a�l� �d�e�p�a�r�t�m�e�n�t� �o�v�e�r�h�e�a�d� 
�T�o�t�a�l� �o�v�e�r�h�e�a�d� �a�l�l�o�c�a�t�i�o�n� 

�N�e�t� �o�v�e�r�h�e�a�d� �c�o�s�t�s� �t�o� �a�l�l�o�c�a�t�e� �b�y� 
�c�a�t�e�g�o�r�y� 
�O�v�e�r�h�e�a�d� �t�o� �b�e� �a�l�l�o�c�a�t�e�d� 
�N�e�t� �g�o�v�e�r�n�m�e�n�t� �b�u�d�g�e�t� 
�O�v�e�r�h�e�a�d� �a�l�l�o�c�a�t�i�o�n� 
�G�e�n�e�r�a�l� �g�o�v�t�.� �c�o�s�t�s� �a�l�l�o�c�a�t�e�d� �d�i�r�e�c�t�l�y� 

�t�o� �w�a�t�e�r� �d�i�v�i�s�i�o�n� 

�T�o�t�a�l� �g�e�n�e�r�a�l� �o�v�e�r�h�e�a�d� �o�f� �w�a�t�e�r� 
�d�i�v�i�s�i�o�n� 

�D�e�b�t� �s�e�r�v�i�c�e� �t�o�t�a�l�s� �b�y� �c�o�s�t� �c�a�t�e�g�o�r�y� 

�T�o�t�a�l� �c�a�p�i�t�a�l� �c�o�s�t�s� 

�T�o�t�a�l� �s�a�l�a�r�i�e�s� �a�n�d� �w�a�g�e�s� 

�B�e�n�e�f�i�t� �c�o�s�t� �a�n�d� �t�o�t�a�l� �d�i�r�e�c�t� �c�o�s�t� 

�T�o�t�a�l� �m�a�t�e�r�i�a�l� �&� �s�u�p�p�l�y� 

�T�o�t�a�l� �u�t�i�l�i�t�i�e�s� 

�T�o�t�a�l� �p�r�o�f�e�s�s�i�o�n�a�l� �s�e�r�v�i�c�e� �c�o�s�t�s� 

�T�o�t�a�l� �d�i�r�e�c�t� �O�&�M� �c�o�s�t�s� 
� � 

�S�o�u�r�c�e�:� �D�e�r�i�v�e�d� �f�r�o�m� �S�h�i�n�n� �&� �R�a�n�d�o�l�p�h�,� �1�9�8�9� 
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� 



�p�r�o�v�i�s�i�o�n� �o�f� �a� �s�e�r�v�i�c�e�.� �D�i�r�e�c�t� �c�o�s�t�s� �c�o�n�s�i�s�t� �o�f� �d�i�r�e�c�t� �o�p�e�r�a�t�i�n�g� �a�n�d� �d�i�r�e�c�t� �c�a�p�i�t�a�l� �c�o�s�t�s� �t�h�a�t� 

�c�a�n� �b�e� �c�h�a�r�g�e�d� �d�i�r�e�c�t�l�y� �a�s� �a� �p�a�r�t� �o�f� �t�h�e� �c�o�s�t� �o�f� �a� �p�r�o�d�u�c�t� �o�r� �s�e�r�v�i�c�e�,� �o�r� �o�f� �a� �d�e�p�a�r�t�m�e�n�t� �o�r� 

�o�p�e�r�a�t�i�n�g� �u�n�i�t�.� �I�n� �c�o�n�t�r�a�s�t�,� �i�n�d�i�r�e�c�t� �c�o�s�t�s� �i�n�c�l�u�d�e� �g�e�n�e�r�a�l� �g�o�v�e�r�n�m�e�n�t� �a�n�d� �d�e�p�a�r�t�m�e�n�t� 

�o�v�e�r�h�e�a�d� �c�o�s�t�s� �t�h�a�t� �a�r�e� �n�e�c�e�s�s�a�r�y� �f�o�r� �t�h�e� �f�u�n�c�t�i�o�n�i�n�g� �o�f� �t�h�e� �o�r�g�a�n�i�z�a�t�i�o�n� �a�s� �a� �w�h�o�l�e� �b�u�t� 

�w�h�i�c�h� �c�a�n�n�o�t� �b�e� �a�s�s�i�g�n�e�d� �t�o� �o�n�e� �s�e�r�v�i�c�e�.� 

�I�n� �p�a�r�t�i�c�u�l�a�r�,� �s�p�r�e�a�d�s�h�e�e�t�s� �3�A�,� �3�B�,� �3�F�,� �a�n�d� �3�G� �a�d�d�r�e�s�s� �d�i�r�e�c�t� �o�p�e�r�a�t�i�n�g� �c�o�s�t�s�.� 

�S�p�r�e�a�d�s�h�e�e�t�s� �3�A� �a�n�d� �3�C� �d�e�a�l� �w�i�t�h� �d�i�r�e�c�t� �c�a�p�i�t�a�l� �c�o�s�t�s�.� �I�n�d�i�r�e�c�t� �o�v�e�r�h�e�a�d� �c�o�s�t�s� �a�r�e� 

�e�s�t�a�b�l�i�s�h�e�d� �b�y� �c�o�s�t� �a�l�l�o�c�a�t�i�o�n� �i�n� �s�p�r�e�a�d�s�h�e�e�t�s� �3�D� �a�n�d� �3�E�.� �C�o�s�t� �a�l�l�o�c�a�t�i�o�n� �i�s� �t�h�e� �p�r�o�c�e�s�s� 

�o�f� �d�e�t�e�r�m�i�n�i�n�g� �w�h�a�t� �p�a�r�t� �o�f� �d�e�p�a�r�t�m�e�n�t�a�l� �a�n�d� �g�e�n�e�r�a�l� �g�o�v�e�r�n�m�e�n�t� �o�v�e�r�h�e�a�d� �c�o�s�t�s� �t�o� 

�a�t�t�r�i�b�u�t�e� �t�o� �e�a�c�h� �s�e�r�v�i�c�e� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �g�o�v�e�r�n�m�e�n�t� �(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�,� �2�2�)�.� �I�n� 

�p�a�r�t�i�c�u�l�a�r�,� �g�e�n�e�r�a�l� �g�o�v�e�r�n�m�e�n�t�a�l� �o�v�e�r�h�e�a�d� �c�o�s�t�s� �a�r�e� �a�d�d�r�e�s�s�e�d� �i�n� �S�p�r�e�a�d�s�h�e�e�t� �3�D� �w�h�i�l�e� 

�d�e�p�a�r�t�m�e�n�t� �o�v�e�r�h�e�a�d� �c�o�s�t�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �i�n� �S�p�r�e�a�d�s�h�e�e�t� �3�E�.� 

�T�h�e� �c�o�m�p�l�e�t�i�o�n� �o�f� �M�o�d�u�l�e� �3� �s�h�o�u�l�d� �y�i�e�l�d� �a�n� �a�c�c�u�r�a�t�e� �e�s�t�i�m�a�t�e� �o�f� �t�h�e� �t�o�t�a�l� �c�o�s�t� �o�f� 

�w�a�t�e�r� �s�e�r�v�i�c�e�,� �i�n�c�l�u�d�i�n�g� �d�i�r�e�c�t� �a�n�d� �o�v�e�r�h�e�a�d�,� �o�p�e�r�a�t�i�n�g� �a�n�d� �c�a�p�i�t�a�l�,� �u�s�e�r� �c�h�a�r�g�e� �a�n�d� �t�a�x�-� 

�s�u�p�p�o�r�t�e�d� �c�o�s�t�s� �(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�:� �3�1�)�.� �T�h�e� �d�a�t�a� �s�u�m�m�a�r�i�z�e�d� �i�n� �M�o�d�u�l�e� �3� �c�a�n� �b�e� �u�s�e�d� 

�t�o� �e�v�a�l�u�a�t�e� �t�h�e� �c�o�s�t� �p�r�o�f�i�l�e� �o�f� �t�h�e� �w�a�t�e�r� �u�t�i�l�i�t�y�,� �t�o� �k�e�e�p� �a� �r�e�c�o�r�d� �o�f� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �c�o�s�t� 

�i�n�d�i�c�a�t�o�r�s� �o�v�e�r� �t�i�m�e�,� �a�n�d� �t�o� �f�o�r�m� �a� �c�o�s�t� �d�a�t�a� �s�t�r�u�c�t�u�r�e� �t�o� �s�u�p�p�o�r�t� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a� 

�r�a�t�e� �s�t�r�u�c�t�u�r�e� �i�n� �M�o�d�u�l�e� �4�.� 

�M�o�d�u�l�e� �4�:� �S�e�t�t�i�n�g� �U�s�e�r� �C�h�a�r�g�e�s� 

�T�a�b�l�e� �4�.�6� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �i�n�p�u�t�s� �a�n�d� �o�u�t�p�u�t�s� �f�o�r� �t�h�e� �t�h�r�e�e� 

�s�p�r�e�a�d�s�h�e�e�t�s� �i�n� �M�o�d�u�l�e� �4�.� �I�n� �t�h�i�s� �m�o�d�u�l�e�,� �s�p�r�e�a�d�s�h�e�e�t�s� �4�A� �a�n�d� �4�B� �c�o�n�v�e�r�t� �t�h�e� �c�o�s�t� �d�a�t�a� 

�a�s�s�e�m�b�l�e�d� �i�n� �M�o�d�u�l�e� �3� �i�n�t�o� �a� �s�e�t� �o�f� �u�s�e�r� �c�h�a�r�g�e� �r�a�t�e�s�.� �S�p�r�e�a�d�s�h�e�e�t� �4� �t�e�s�t�s� �r�a�t�e�s�,� 

�d�e�t�e�r�m�i�n�e�d� �i�n� �s�p�r�e�a�d�s�h�e�e�t�s� �4�A� �a�n�d� �4�B�,� �t�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e�y� �w�i�l�l� �g�e�n�e�r�a�t�e� �s�u�f�f�i�c�i�e�n�t� 

�r�e�v�e�n�u�e�s�.� 

�M�o�d�u�l�e� �4� �p�r�o�v�i�d�e�s� �a� �c�h�o�i�c�e� �o�f� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �r�a�t�e� �s�t�r�u�c�t�u�r�e�s� �i�n� �S�p�r�e�a�d�s�h�e�e�t� �4�A�.� 

�B�a�s�e�d� �o�n� �m�e�t�h�o�d�s� �r�e�c�o�m�m�e�n�d�e�d� �b�y� �t�h�e� �A�m�e�r�i�c�a�n� �W�a�t�e�r� �W�o�r�k�s� �A�s�s�o�c�i�a�t�i�o�n� �(�A�W�W�A�)�,� 

�t�h�e� �r�a�t�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �i�n�t�e�n�d�e�d� �f�o�r� �u�s�e� �i�n� �t�h�e� �s�i�m�p�l�e�s�t� �w�a�t�e�r� �u�t�i�l�i�t�y� �s�e�t�t�i�n�g�s�.� �A�W�W�A� 

�r�e�c�o�m�m�e�n�d�s� �t�h�a�t� �t�h�e�y� �b�e� �u�s�e�d� �f�o�r� �u�t�i�l�i�t�i�e�s� �s�e�r�v�i�n�g� �f�e�w�e�r� �t�h�a�n� �5�,�0�0�0� �c�u�s�t�o�m�e�r�s�,� �w�i�t�h� �n�o� 

�i�n�d�u�s�t�r�i�a�l� �c�u�s�t�o�m�e�r�s� �o�r� �c�o�m�m�e�r�c�i�a�l� �c�u�s�t�o�m�e�r�s� �w�i�t�h� �u�n�u�s�u�a�l� �w�a�t�e�r� �u�s�e� �p�a�t�t�e�r�n�s�,� �a�n�d� �w�i�t�h� 

�5�9



� � 

�T�a�b�l�e� �4�.�6� 

�I�n�f�o�r�m�a�t�i�o�n� �N�e�e�d�s� �a�n�d� �O�u�t�p�u�t� �f�o�r� �M�o�d�u�l�e� �4� 

�S�e�c� �a�r�  ��:� �I�n�f�o�r�m�a�t�i�o�n� �N�e�e�d�e�d� 

� � 

�#�,� � �.� �T�i�t�l�e� �-� 

�4� �T�e�s�t� �o�f� �R�e�v�e�n�u�e�s� �a�n�d� �R�a�t�e�s� 

�4�B� �U�n�i�t�s� �o�f� �S�e�r�v�i�c�e�,� �R�a�t�e� �B�l�o�c�k�s�,� 
�I�n�s�i�d�e�-�O�u�t�s�i�d�e� �S�e�r�v�i�c�e� �A�r�e�a� 
�(�S�A�)� �C�h�a�r�g�e�s� 

�4�A� �W�a�t�e�r� �R�a�t�e� �S�t�r�u�c�t�u�r�e� 

�(�Y�o�u�r� �E�n�t�r�y�)� 

�O�u�t�s�i�d�e� �&� �i�n�s�i�d�e� �S�A� �5�/�8�"� �m�e�t�e�r� �a�.� 
 ��e�q�u�i�v�a�l�e�n�t�s� 

�.� �B�i�l�l�i�n�g� �p�e�r�i�o�d�s� �p�e�r� �y�e�a�r� �b�.� 

�O�u�t�s�i�d�e� �&� �i�n�s�i�d�e� �S�A� �a�n�n�u�a�l� �c�.� 

�c�o�n�s�u�m�p�t�i�o�n� �i�n� �d�o�m�e�s�t�i�c� �o�r� 
�c�o�m�m�e�r�c�i�a�l� �b�l�o�c�k�s� 

�.� �O�u�t�s�i�d�e� �S�A� �c�o�m�m�e�r�c�i�a�l� �b�l�o�c�k� �d�.� 
�r�e�v�e�n�u�e� 

�O�u�t�s�i�d�e� �S�A� �c�h�a�r�g�e� �p�e�r� �H�H�  ¬�.� 
�e�q�u�i�v�a�l�e�n�t� �p�e�r� �b�i�l�l�i�n�g� �p�e�r�i�o�d� 

�T�o�t�a�l� �a�n�n�u�a�l� �c�o�n�s�u�m�p�t�i�o�n�i�n� �a�.� 
�d�o�m�e�s�t�i�c� �a�n�d� �c�o�m�m�e�r�c�i�a�l� 

�b�l�o�c�k�s� 
�N�u�m�b�e�r� �o�f� �b�i�l�l�s� �i�s�s�u�e�d� �p�e�r� �y�e�a�r� �b�.� 

�.� �E�s�t�i�m�a�t�e�d� �n�u�m�b�e�r� �o�f� �m�e�t�e�r�s� �C�.� 

�S�u�r�c�h�a�r�g�e� �f�o�r� �o�u�t�s�i�d�e� �S�A� �d�.� 
�c�u�s�t�o�m�e�r�s� 
�W�a�t�e�r� �c�o�n�s�u�m�p�t�i�o�n� �b�y� �m�e�t�e�r�e�d� �e�.� 
�c�u�s�t�o�m�e�r�s� 
�A�v�e�r�a�g�e� �h�o�u�s�e�h�o�l�d� �f�.� 
�c�o�n�s�u�m�p�t�i�o�n� 

 ��A�v�e�r�a�g�e� �#� �o�f� �b�i�l�l�s� �p�e�r� 
�c�u�s�t�o�m�e�r�s� �p�e�r� �y�e�a�r� �a�.� 
�P�e�r�c�e�n�t�a�g�e� �w�a�t�e�r� �s�o�l�d� �t�o� 
�m�e�t�e�r�e�d� �c�u�s�t�o�m�e�r�s� �b�.� 

�c�.� 

�d�.� 

�e�.� 

�O�u�t�s�i�d�e� �&� �i�n�s�i�d�e� �S�A� �s�e�r�v�i�c�e� �c�h�a�r�g�e� 
�r�e�v�e�n�u�e� 

 ��O�u�t�s�i�d�e� �&� �i�n�s�i�d�e� �S�A� �t�o�t�a�l� �r�e�v�e�n�u�e� 

�O�p�e�r�a�t�i�n�g� �a�n�d� �t�o�t�a�l� �r�e�v�e�n�u�e� �a�s� �a� 

�p�e�r�c�e�n�t�a�g�e� �o�f� �e�x�p�e�n�d�i�t�u�r�e�s� 

 ��T�o�t�a�l� �o�p�e�r�a�t�i�n�g� �r�e�v�e�n�u�e� 

�N�e�t� �c�o�s�t� �t�o� �b�e� �r�e�c�o�v�e�r�e�d� �f�r�o�m� 
�c�h�a�r�g�e�s� 

�T�o�t�a�l� �o�p�e�r�a�t�i�n�g� �r�e�v�e�n�u�e� 
�R�e�s�i�d�e�n�t�i�a�l� �s�e�r�v�i�c�e� �c�h�a�r�g�e� �f�o�r� �5�/�8 �� 

�m�e�t�e�r� �e�q�u�i�v�a�l�e�n�t� �p�e�r� �b�i�l�l� 
�D�o�m�e�s�t�i�c� �b�l�o�c�k� �v�o�l�u�m�e� �r�a�t�e� 

�C�o�m�m�e�r�c�i�a�l� �b�l�o�c�k� �v�o�l�u�m�e� �r�a�t�e� 
�F�l�a�t� �c�h�a�r�g�e� �p�e�r� �h�o�u�s�e�h�o�l�d� 
�e�q�u�i�v�a�l�e�n�t� 

�T�o�t�a�l� �m�e�t�e�r�s� �a�n�d� �t�o�t�a�l� �5�/�8�"� �m�e�t�e�r� 

�e�q�u�i�v�a�l�e�n�t� 

�T�o�t�a�l� �w�e�i�g�h�t�e�d� �w�a�t�e�r� �s�a�l�e�s� 

�T�o�t�a�l� �a�n�n�u�a�l� �c�o�n�s�u�m�p�t�i�o�n� 
�T�o�t�a�l� �a�d�j�u�s�t�e�d� �f�l�o�w� 

�A�d�j�u�s�t�e�d� �u�n�-�m�e�t�e�r�e�d� �H�H� 
�e�q�u�i�v�a�l�e�n�t�s� �i�n� �t�h�e� �s�y�s�t�e�m� 
�A�d�j�u�s�t�e�d� �a�n�n�u�a�l� �b�i�l�l�s� 

�V�o�l�u�m�e� �r�e�l�a�t�e�d� �c�o�s�t�s� 

�S�e�r�v�i�c�e� �c�h�a�r�g�e� �c�o�s�t�s� 

�O�u�t�s�i�d�e� �&� �i�n�s�i�d�e� �S�A� �v�o�l�u�m�e� �c�h�a�r�g�e� 
�f�o�r� �d�o�m�e�s�t�i�c� �&� �c�o�m�m�e�r�c�i�a�l� �b�l�o�c�k�s� 

�O�u�t�s�i�d�e� �&� �i�n�s�i�d�e� �s�e�r�v�i�c�e� �c�h�a�r�g�e� �p�e�r� 
�5�/�8�"� �m�e�t�e�r� �e�q�u�i�v�a�l�e�n�t� 
�C�o�s�t�s� �c�h�a�r�g�e�d� �t�o� �u�n�-�m�e�t�e�r�e�d� 

 ��c�u�s�t�o�m�e�r�s� 
� � 

�S�o�u�r�c�e�:� �D�e�r�i�v�e�d� �f�r�o�m� �S�h�i�n�n� �&� �R�a�n�d�o�l�p�h�,� �1�9�8�9� 

�6�0� 

� 



�n�o� �e�x�t�r�a� �c�h�a�r�g�e� �f�o�r� �u�s�e�r�s� �o�u�t�s�i�d�e� �t�h�e� �c�i�t�y� �o�r� �s�e�r�v�i�c�e� �a�r�e�a� �(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�:� �3�2�)�.� �F�o�r� 

�t�h�e�s�e� �r�e�a�s�o�n�s�,� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �e�m�p�l�o�y�a�b�l�e� �f�o�r� �u�t�i�l�i�t�i�e�s� �i�n� �t�h�e� �V�i�r�g�i�n�i�a� �c�o�a�l�f�i�e�l�d�s�.� 

�O�f� �t�h�e� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �o�p�t�i�o�n�s� �f�o�r� �s�e�t�t�i�n�g� �r�a�t�e�s� �f�o�r� �w�a�t�e�r� �u�t�i�l�i�t�i�e�s� �p�r�o�v�i�d�e�d� �i�n� 

�S�p�r�e�a�d�s�h�e�e�t� �4�A�,� �t�h�e� �m�o�s�t� �c�o�m�p�l�e�x� �i�s� �t�h�e� �t�w�o�-�b�l�o�c�k� �c�o�m�m�o�d�i�t�y� �d�e�m�a�n�d� �m�e�t�h�o�d�.� �I�t� 

�s�h�o�u�l�d� �b�e� �u�s�e�d� �w�h�e�n� �a�l�l� �c�u�s�t�o�m�e�r�s� �a�r�e� �m�e�t�e�r�e�d� �a�n�d� �s�o�m�e� �v�a�r�i�a�t�i�o�n� �i�n� �v�o�l�u�m�e� �o�f� �w�a�t�e�r� 

�u�s�e�d� �b�y� �t�h�e� �c�u�s�t�o�m�e�r� �e�x�i�s�t�s� �(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�:� �3�2�)�.� �S�u�c�h� �v�o�l�u�m�e� �v�a�r�i�a�t�i�o�n�,� �f�o�r� 

�e�x�a�m�p�l�e�,� �c�a�n� �c�o�n�s�i�s�t� �o�f� �w�a�t�e�r� �s�e�r�v�i�c�e� �p�r�o�v�i�d�e�d� �t�o� �n�o�n�r�e�s�i�d�e�n�t�i�a�l� �c�u�s�t�o�m�e�r�s� �t�h�a�t� �c�o�n�s�u�m�e� 

�m�o�r�e� �w�a�t�e�r� �t�h�a�n� �r�e�s�i�d�e�n�t�i�a�l� �c�u�s�t�o�m�e�r�s�.� �I�n� �M�o�d�u�l�e� �4�,� 

�c�o�s�t�s� �a�r�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�h�r�e�e� �c�a�u�s�a�t�i�v�e� �f�a�c�t�o�r�s�,� �c�o�m�m�o�d�i�t�y�,� �d�e�m�a�n�d�,� �a�n�d� 
�c�u�s�t�o�m�e�r�.� �C�o�m�m�o�d�i�t�y� �c�o�s�t�s� �a�r�e� �t�h�o�s�e� �t�h�a�t� �v�a�r�y� �w�i�t�h� �t�o�t�a�l� �v�o�l�u�m�e� �o�f� �w�a�t�e�r� 
�p�r�o�d�u�c�e�d� �a�n�d� �a�r�e� �u�s�u�a�l�l�y� �l�i�m�i�t�e�d� �t�o� �c�h�e�m�i�c�a�l� �a�n�d� �p�u�m�p�i�n�g� �c�o�s�t�s�.� �D�e�m�a�n�d� 
�c�o�s�t�s� �v�a�r�y� �w�i�t�h� �t�h�e� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �s�y�s�t�e�m� �a�n�d� �t�h�e� �p�e�a�k�i�n�g� �n�a�t�u�r�e� �o�f� �w�a�t�e�r� 
�u�s�e� �a�n�d� �i�n�c�l�u�d�e� �s�o�u�r�c�e� �o�f� �s�u�p�p�l�y�,� �s�t�o�r�a�g�e�,� �t�r�a�n�s�m�i�s�s�i�o�n�,� �a�n�d� �d�i�s�t�r�i�b�u�t�i�o�n� 
�c�o�s�t�s�.� �C�u�s�t�o�m�e�r� �c�o�s�t�s�,� �s�u�c�h� �a�s� �m�e�t�e�r�s� �a�n�d� �s�e�r�v�i�c�e� �a�n�d� �b�i�l�l�i�n�g�,� �v�a�r�y� �w�i�t�h� 
�t�h�e� �n�u�m�b�e�r� �o�f� �c�u�s�t�o�m�e�r�s�.� �I�n� �t�h�i�s� �[�s�p�r�e�a�d�s�h�e�e�t�]�,� �f�i�r�e� �p�r�o�t�e�c�t�i�o�n� �c�o�s�t�s� �(�c�o�s�t�s� 
�o�f� �o�w�n�i�n�g�,� �m�a�i�n�t�a�i�n�i�n�g�,� �a�n�d� �s�u�p�p�l�y�i�n�g� �h�y�d�r�a�n�t�s�)� �a�r�e� �a�l�s�o� �c�l�a�s�s�i�f�i�e�d� �a�s� 
�c�u�s�t�o�m�e�r� �c�o�s�t�s�.� �T�h�e� �p�r�o�c�e�s�s� �f�o�r� �s�e�t�t�i�n�g� �r�a�t�e�s� �u�n�d�e�r� �t�h�i�s� �m�e�t�h�o�d� �i�s� �t�o� 
�i�d�e�n�t�i�f�y� �t�w�o� �b�l�o�c�k�s� �o�f� �w�a�t�e�r� �u�s�e�,� �d�e�t�e�r�m�i�n�e� �u�s�e� �b�y� �c�u�s�t�o�m�e�r�s� �i�n� �e�a�c�h� 
�b�l�o�c�k�,� �e�s�t�i�m�a�t�e� �t�h�e� �p�e�a�k� �d�e�m�a�n�d� �o�f� �c�u�s�t�o�m�e�r�s� �i�n� �e�a�c�h� �b�l�o�c�k�,� �s�p�l�i�t� �c�o�s�t�s� 
�i�n�t�o� �c�o�m�m�o�d�i�t�y� �a�n�d� �d�e�m�a�n�d�,� �a�n�d� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�a�t�e�s� �i�n� �c�e�n�t�s� �p�e�r� �t�h�o�u�s�a�n�d� 
�g�a�l�l�o�n�s� �f�o�r� �t�h�e� �b�l�o�c�k�s�.� �C�u�s�t�o�m�e�r� �c�o�s�t�s� �a�r�e� �c�h�a�r�g�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �w�a�t�e�r� 
�m�e�t�e�r� �s�i�z�e�.� �(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�:� �3�2�)�.� 

�T�h�e� �s�e�c�o�n�d�,� �m�o�r�e� �s�i�m�p�l�e� �m�e�t�h�o�d� �i�s� �a� �s�i�n�g�l�e�-�b�l�o�c�k� �r�a�t�e� �s�t�r�u�c�t�u�r�e�.� �T�h�i�s� �m�e�t�h�o�d� 

�y�i�e�l�d�s� �a� �s�e�r�v�i�c�e� �c�h�a�r�g�e� �a�n�d� �a� �v�o�l�u�m�e� �r�a�t�e� �(�a� �c�o�s�t� �p�e�r� �t�h�o�u�s�a�n�d� �g�a�l�l�o�n�s� �c�o�n�s�u�m�e�d�)�.� �I�n� �t�h�i�s� 

�a�p�p�r�o�a�c�h�,� �t�h�e� �v�o�l�u�m�e� �r�a�t�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �d�i�v�i�d�i�n�g� �a�l�l� �c�o�s�t�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �w�a�t�e�r� �v�o�l�u�m�e� 

�p�r�o�d�u�c�e�d� �i�n� �t�h�e� �s�y�s�t�e�m� �b�y� �t�h�e� �t�o�t�a�l� �c�o�n�s�u�m�p�t�i�o�n� �o�f� �w�a�t�e�r�.� �T�h�e� �s�e�r�v�i�c�e� �c�h�a�r�g�e� �i�s� 

�c�a�l�c�u�l�a�t�e�d� �b�y� �d�i�v�i�d�i�n�g� �a�l�l� �o�t�h�e�r� �c�o�s�t�s� �b�y� �t�h�e� �n�u�m�b�e�r� �o�f� �c�u�s�t�o�m�e�r�s�.� �G�e�n�e�r�a�l�l�y�,� �t�h�i�s� �m�e�t�h�o�d� 

�i�s� �n�o�t� �i�n�t�e�n�d�e�d� �f�o�r� �u�s�e� �b�y� �w�a�t�e�r� �s�y�s�t�e�m�s� �t�h�a�t� �h�a�v�e� �h�i�g�h�-�v�o�l�u�m�e� �c�u�s�t�o�m�e�r�s�.� �T�h�e� �l�a�t�t�e�r� �a�r�e� 

�t�h�o�s�e� �u�s�i�n�g� �m�o�r�e� �w�a�t�e�r� �t�h�a�n� �t�h�e� �a�v�e�r�a�g�e� �c�u�s�t�o�m�e�r�.� 

�S�o�m�e�w�h�a�t� �s�i�m�i�l�a�r� �t�o� �t�h�e� �s�e�c�o�n�d� �m�e�t�h�o�d�,� �t�h�e� �t�h�i�r�d� �m�e�t�h�o�d� �i�s� �a� �s�i�n�g�l�e�-�b�l�o�c�k� �r�a�t�e� 

�s�t�r�u�c�t�u�r�e� �t�h�a�t� �a�l�s�o� �y�i�e�l�d�s� �a� �f�l�a�t� �c�h�a�r�g�e� �f�o�r� �u�n�m�e�t�e�r�e�d� �c�u�s�t�o�m�e�r�s�.� �T�h�i�s� �m�e�t�h�o�d� �c�a�n� �b�e� �u�s�e�d� 
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�t�o� �d�e�t�e�r�m�i�n�e� �a� �f�l�a�t� �r�a�t�e� �w�h�e�n� �n�o� �m�e�t�e�r�e�d� �c�u�s�t�o�m�e�r�s� �e�x�i�s�t�.� �T�o� �c�o�m�p�l�e�t�e� �t�h�i�s� �m�e�t�h�o�d�,� �P�a�r�t� 

�I�V� �o�f� �S�p�r�e�a�d�s�h�e�e�t� �4�B� �m�u�s�t� �b�e� �c�o�m�p�l�e�t�e�d�.� 

�A� �s�p�e�c�i�a�l� �n�o�t�e� �s�h�o�u�l�d� �b�e� �m�a�d�e�,� �f�o�r� �S�p�r�e�a�d�s�h�e�e�t� �4�B�,� �P�a�r�t� �I�,� �r�e�g�a�r�d�i�n�g� �t�h�e� �m�e�t�e�r� 

�c�o�s�t�s�.� �T�h�e� �l�a�t�t�e�r� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �n�u�m�b�e�r� �o�f� �5�/�8 �� �e�q�u�i�v�a�l�e�n�t� �m�e�t�e�r�s� �i�n� �t�h�e� �s�y�s�t�e�m�.� �T�h�e� 

�u�s�e� �o�f� �5�/�8 �� �e�q�u�i�v�a�l�e�n�t�s� �i�s� �a� �w�a�y� �t�o� �s�t�a�n�d�a�r�d�i�z�e� �f�o�r� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�o�s�t�s� �o�f� �i�n�s�t�a�l�l�i�n�g� �a�n�d� 

�m�a�i�n�t�a�i�n�i�n�g� �d�i�f�f�e�r�e�n�t� �s�i�z�e� �m�e�t�e�r�s� �(�S�h�i�n�n� �e�t�.� �a�l�.�,� �1�9�8�9�,� �3�3�)�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �r�a�t�i�o�s� �f�o�r� �5�/�8 �� 

�e�q�u�i�v�a�l�e�n�t�s� �a�r�e� �p�r�o�v�i�d�e�d� �f�o�r� �v�a�r�i�o�u�s� �m�e�t�e�r� �s�i�z�e�s�.� �T�h�e� �r�a�t�i�o�s� �a�r�e� �b�a�s�e�d� �o�n� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

�p�u�r�c�h�a�s�e� �p�r�i�c�e�,� �i�n�s�t�a�l�l�a�t�i�o�n� �c�o�s�t�s�,� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �c�o�s�t�s�.� �I�f� �a� �r�a�t�i�o� �i�s� �n�o�t� �p�r�o�v�i�d�e� �f�o�r� �a� 

�m�e�t�e�r� �s�i�z�e�,� �a�n� �e�s�t�i�m�a�t�e� �b�a�s�e�d� �o�n� �t�h�e�s�e� �c�r�i�t�e�r�i�a� �w�i�l�l� �b�e� �n�e�e�d�e�d�.� �I�n� �u�t�i�l�i�t�i�e�s� �w�h�e�r�e� �t�h�e� �b�a�s�i�c� 

�m�e�t�e�r� �s�i�z�e� �i�s� �n�o�t� �5�/�8 ��,� �a� �s�i�m�i�l�a�r� �s�i�z�e� �m�a�y� �b�e� �u�s�e�d� �t�o� �e�n�t�e�r� �a�l�l� �m�e�t�e�r� �e�q�u�i�v�a�l�e�n�t�s�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �3�/�4 �� �e�q�u�i�v�a�l�e�n�t�s� �i�s� �a� �s�u�i�t�a�b�l�e� �s�u�b�s�t�i�t�u�t�e�.� 

�I�V�.� �E�.� �S�p�r�e�a�d�s�h�e�e�t� �A�p�p�l�i�c�a�t�i�o�n� 

�E�x�a�m�p�l�e�s� �o�f� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �i�n� �A�p�p�e�n�d�i�x� �D�.� �T�h�e�y� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� 

�s�p�r�e�a�d�s�h�e�e�t� �f�o�r�m� �f�o�u�n�d� �o�n� �t�h�e� �M�i�c�r�o�s�o�f�t� �E�x�c�e�l� �s�c�r�e�e�n�.� �F�o�r�m�u�l�a�s� �f�o�r� �c�a�l�c�u�l�a�t�i�o�n�s� �c�a�n� �b�e� 

�v�i�e�w�e�d� �w�h�e�n� �a� �c�e�l�l� �i�s� �h�i�g�h�l�i�g�h�t�e�d�.� �M�o�s�t� �c�a�l�c�u�l�a�t�i�o�n�s� �a�r�e� �a�l�s�o� �r�e�c�o�r�d�e�d� �i�n� �t�h�e� 

 ��C�a�l�c�u�l�a�t�i�o�n�s �� �c�o�l�u�m�n� �i�n� �e�a�c�h� �s�p�r�e�a�d�s�h�e�e�t�.� 

�D�e�s�c�r�i�p�t�i�o�n� �o�f� �S�p�r�e�a�d�s�h�e�e�t� �E�x�a�m�p�l�e�:� �W�a�t�e�r� �E�x�t�e�n�s�i�o�n� �f�o�r� �t�h�e� �T�o�w�n� �o�f� �W�i�s�e� 

�T�h�e� �T�o�w�n� �o�f� �W�i�s�e�,� �l�o�c�a�t�e�d� �i�n� �W�i�s�e� �C�o�u�n�t�y�,� �h�a�s� �b�e�e�n� �c�h�o�s�e�n� �a�s� �t�h�e� �e�x�a�m�p�l�e� �f�o�r� 

�t�h�e� �s�p�r�e�a�d�s�h�e�e�t� �a�p�p�l�i�c�a�t�i�o�n� �f�o�r� �s�e�v�e�r�a�l� �r�e�a�s�o�n�s�.� �I�n�f�o�r�m�a�t�i�o�n� �a�v�a�i�l�a�b�i�l�i�t�y� �w�a�s� �t�h�e� �m�o�s�t� 

�i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�.� �T�h�e� �T�o�w�n� �f�i�l�e�d� �a�n�n�u�a�l� �r�e�p�o�r�t�s� �o�f� �r�e�v�e�n�u�e�s� �a�n�d� �e�x�p�e�n�d�i�t�u�r�e�s� �t�o� �t�h�e� �s�t�a�t�e� 

�a�u�d�i�t�o�r� �o�f� �p�u�b�l�i�c� �a�c�c�o�u�n�t�s� �a�n�d� �h�a�s� �b�e�e�n� �c�o�o�p�e�r�a�t�i�v�e� �i�n� �s�h�a�r�i�n�g� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �t�h�i�s� �p�a�p�e�r�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �T�o�w�n� �o�f� �W�i�s�e� �h�a�v�e� �d�e�m�o�n�s�t�r�a�t�e�d� �a� �d�e�s�i�r�e� �t�o� �e�x�p�a�n�d� �s�e�r�v�i�c�e� �t�o� �u�n�s�e�r�v�e�d� 

�h�o�u�s�e�h�o�l�d�s�.� �T�a�b�l�e� �4�.�7� �s�h�o�w�s� �e�x�i�s�t�i�n�g� �w�a�t�e�r� �s�e�r�v�i�c�e� �f�o�r� �t�h�e� �T�o�w�n�.� �D�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� 

�T�o�w�n ��s� �w�a�t�e�r� �s�y�s�t�e�m� �i�s� �f�o�u�n�d� �i�n� �A�p�p�e�n�d�i�x� �B�.� 
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�T�a�b�l�e� �4�.�7�:� �E�x�i�s�t�i�n�g� �W�a�t�e�r� �S�y�s�t�e�m� �f�o�r� �t�h�e� �T�o�w�n� �o�f� �W�i�s�e�,� �W�i�s�e� �C�o�u�n�t�y� 

� � 

� � 

�N�u�m�b�e�r� �o�f� �c�o�n�n�e�c�t�i�o�n�s� �2�,�2�4�6� 
�P�e�o�p�l�e� �S�e�r�v�e�d� �5�,�6�1�5� 
�S�t�o�r�a�g�e� �C�a�p�a�c�i�t�y� �7� �t�a�n�k�s� 
�W�a�t�e�r� �S�o�u�r�c�e� �B�e�a�r� �C�r�e�e�k� �R�e�s�e�r�v�o�i�r� 
�P�r�o�d�u�c�t�i�o�n� �R�a�t�e� �0�.�7�0� �m�g�d� 
�W�a�t�e�r� �L�o�s�s� �2�7�%� 
� � 

�S�o�u�r�c�e�:� �T�h�e� �T�o�w�n� �o�f� �W�i�s�e�,� �1�9�9�5�.� 

�T�h�e� �e�x�a�m�p�l�e� �c�h�o�s�e�n� �f�o�r� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t� �a�p�p�l�i�c�a�t�i�o�n� �c�o�n�s�i�s�t�s� �o�f� �a� �s�e�r�v�i�c�e� 

�e�x�t�e�n�s�i�o�n� �t�o� �s�e�r�v�e� �3�2�7� �n�e�w� �c�o�n�n�e�c�t�i�o�n�s�.� �T�h�e� �n�e�w� �c�o�n�n�e�c�t�i�o�n�s� �r�e�q�u�i�r�e� �a�d�d�i�n�g� �n�e�w� �l�i�n�e�s� 

�t�o� �t�h�e� �T�o�w�n ��s� �e�x�i�s�t�i�n�g� �m�a�i�n� �l�i�n�e�s�.� �T�w�o� �a�d�d�i�t�i�o�n�a�l� �s�t�o�r�a�g�e� �t�a�n�k�s� �w�i�l�l� �b�e� �n�e�e�d�e�d� �t�o� �h�o�l�d� 

�w�a�t�e�r� �f�o�r� �n�e�w� �c�u�s�t�o�m�e�r�s�.� �A� �p�u�m�p� �s�t�a�t�i�o�n� �w�i�l�l� �a�l�s�o� �b�e� �a�d�d�e�d� �t�o� �p�u�m�p� �w�a�t�e�r� �f�r�o�m� �t�h�e� 

�T�o�w�n ��s� �l�i�n�e� �t�o� �n�e�w� �s�t�o�r�a�g�e� �t�a�n�k�s� �a�n�d� �l�i�n�e�s�.� �F�i�r�e� �p�r�o�t�e�c�t�i�o�n� �w�i�l�l� �a�l�s�o� �b�e� �p�r�o�v�i�d�e�d� �f�o�r� �t�h�e� 

�3�2�7� �c�o�n�n�e�c�t�i�o�n�s�.� �T�h�e�s�e� �s�y�s�t�e�m� �c�o�m�p�o�n�e�n�t� �i�m�p�r�o�v�e�m�e�n�t�s� �m�a�y� �v�a�r�y� �a�c�c�o�r�d�i�n�g� �t�o� �p�r�o�j�e�c�t� 

�a�n�d� �s�e�r�v�i�c�e� �a�r�e�a�.� �C�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�e�r�v�i�c�e� �e�x�t�e�n�s�i�o�n� �a�n�d� �a�s�s�o�c�i�a�t�e�d� �c�o�s�t�s� �a�r�e� 

�s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�8�.� �T�h�e� �t�o�t�a�l� �c�o�s�t� �o�f� �t�h�e� �e�x�t�e�n�s�i�o�n� �i�s� �$�3�,�2�2�1�,�4�0�0�,� �o�f� �w�h�i�c�h� 

�c�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�s� �t�o�t�a�l�e�d� �$�2�,�8�7�2�,�4�0�0� �(�T�a�b�l�e� �4�.�8�)�.� 

�E�s�t�i�m�a�t�i�n�g� �C�a�p�i�t�a�l� �N�e�e�d�s� �o�f� �t�h�e� �W�a�t�e�r� �E�x�t�e�n�s�i�o�n� �P�r�o�j�e�c�t� 

�T�h�e� �c�o�s�t�s� �f�o�r� �t�h�e� �p�r�o�j�e�c�t� �a�r�e� �e�n�t�e�r�e�d� �i�n�t�o� �S�p�r�e�a�d�s�h�e�e�t� �1�A� �(�A�p�p�e�n�d�i�x� �D�)� �t�o� �a�d�j�u�s�t� 

�f�o�r� �i�n�f�l�a�t�i�o�n� �o�v�e�r� �a� �5�-�y�e�a�r� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�.� �T�h�e� �i�n�f�l�a�t�i�o�n�a�r�y� �r�a�t�e� �w�a�s� �e�s�t�i�m�a�t�e�d� �a�t� �t�h�r�e�e� 

�p�e�r�c�e�n�t�.� �S�p�r�e�a�d�s�h�e�e�t� �1�A� �b�r�e�a�k�s� �d�o�w�n� �s�p�e�n�d�i�n�g� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �f�i�v�e� �y�e�a�r�s�.� �C�h�a�n�g�e�s� �i�n� 

�o�p�e�r�a�t�i�o�n�,� �m�a�i�n�t�e�n�a�n�c�e�,� �a�n�d� �r�e�p�a�i�r�s� �(�O�M�&�R�)� �c�o�s�t�s� �a�r�e� �e�s�t�i�m�a�t�e�d� �a�t� �t�w�o� �p�e�r�c�e�n�t� �o�f� 

�c�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�s�.� �A�c�t�u�a�l�l�y� �(�O�M�&�R�)� �c�o�s�t�s� �c�a�n� �v�a�r�y� �a�c�c�o�r�d�i�n�g� �t�o� �s�p�e�c�i�f�i�c� �s�y�s�t�e�m�s�.� 

�S�p�r�e�a�d�s�h�e�e�t� �1� �(�A�p�p�e�n�d�i�x� �D�)� �s�u�m�m�a�r�i�z�e�d� �t�o�t�a�l� �c�o�n�s�t�r�u�c�t�i�o�n� �a�n�d� �O�M�&�R� �c�o�s�t�s� �b�y� 

�y�e�a�r�.� �T�o�t�a�l� �c�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�,� �a�d�j�u�s�t�e�d� �f�o�r� �i�n�f�l�a�t�i�o�n�,� �f�o�r� �t�h�e� �f�i�v�e� �y�e�a�r�s� �w�a�s� �$�3�,�4�2�5�,�0�0�0�.� 

�O�M�&�R� �c�o�s�t�s�,� �a�d�j�u�s�t�e�d� �f�o�r� �i�n�f�l�a�t�i�o�n�,� �i�n�c�r�e�a�s�e�d� �b�e�t�w�e�e�n� �$�6�3�,�0�0�0� �t�o� �$�7�1�,�0�0�0� �p�e�r� �y�e�a�r�.� 
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� 



�T�a�b�l�e� �4�.�8�:� �H�y�p�o�t�h�e�t�i�c�a�l� �S�y�s�t�e�m� �N�e�e�d�s� �S�e�r�v�i�c�e� �E�x�t�e�n�s�i�o�n� 

� � 

�C�o�m�p�o�n�e�n�t� �Q�u�a�n�t�i�t�y� �U�n�i�t� �C�o�s�t� �s�e�e� �O�s� 
�c�e� �e�)� 

�C�o�n�s�t�r�u�c�t�i�o�n� �C�o�s�t� 
�1�0 �� �W�a�t�e�r� �M�a�i�n� �L�i�n�e�a�r� �F�e�e�t� �2�4�,�8�0�0� �$� �2�7� �$� �6�6�9�,�6�0�0� 
�8 �� �W�a�t�e�r� �M�a�i�n� �L�i�n�e�a�r� �F�e�e�t� �3�3�,�4�0�0� �2�5� �8�3�5�,�0�0�0� 
�6 �� �W�a�t�e�r� �M�a�i�n� �L�i�n�e�a�r� �F�e�e�t� �7�,�5�0�0� �2�2� �1�6�5�,�0�0�0� 
�1�0 �� �G�a�t�e� �V�a�l�v�e�s� �&� �B�o�x�e�s� �E�a�c�h� �2�5� �6�0�0� �1�5�,�0�0�0� 
�8 �� �G�a�t�e� �V�a�l�v�e�s� �&� �B�o�x�e�s� �E�a�c�h� �3�3� �5�5�0� �1�8�,�1�5�0� 
�6 �� �G�a�t�e� �V�a�l�v�e�s� �&� �B�o�x�e�s� �E�a�c�h� �7�5� �4�5�0� �3�3�,�7�5�0� 
�W�a�t�e�r� �S�e�r�v�i�c�e� �C�o�n�n�e�c�t�i�o�n�s� �E�a�c�h� �3�2�7� �1�,�5�0�0� �4�9�0�,�5�0�0� 
�1�5�0�,�0�0�0� �G�a�l�l�o�n� �T�a�n�k� �E�a�c�h� �1� �1�5�0�,�0�0�0� �1�5�0�,�0�0�0� 
�3�0�0�,�0�0�0� �G�a�l�l�o�n� �T�a�n�k� �E�a�c�h� �1� �2�4�0�,�0�0�0� �2�4�0�,�0�0�0� 
�P�u�m�p� �S�t�a�t�i�o�n� �E�a�c�h� �1� �1�0�0�,�0�0�0� �1�0�0�,�0�0�0� 
�M�a�s�t�e�r� �M�e�t�e�r� �E�a�c�h� �3� �2�5�,�0�0�0� �7�5�,�0�0�0� 
�F�i�r�e� �H�y�d�r�a�n�t�s� �E�a�c�h� �6�7� �1�,�2�0�0� �8�0�,�4�0�0� 

�T�o�t�a�l� �C�o�n�s�t�r�u�c�t�i�o�n� �C�o�s�t�s� �2�,�8�7�2�,�4�0�0� 

�R�e�l�a�t�e�d� �C�o�s�t�s� 
�L�e�g�a�l� �2�4�,�0�0�0� 

�E�n�g�i�n�e�e�r�i�n�g� �2�0�0�,�0�0�0� 
�A�d�m�i�n�i�s�t�r�a�t�i�o�n� �1�2�5�,�0�0�0� 

�T�o�t�a�l� �R�e�l�a�t�e�d� �C�o�s�t�s� �3�4�9�,�0�0�0� 

�T�o�t�a�l� �C�o�s�t�s� �3�,�2�2�1�,�4�0�0� � � � � � � 
�S�o�u�r�c�e�:� �D�e�r�i�v�e�d� �f�r�o�m� �A�n�d�e�r�s�o�n� �&� �A�s�s�o�c�i�a�t�e�s�,� �1�9�9�4�.� 

�L�o�o�k�i�n�g� �a�t� �F�i�n�a�n�c�i�n�g� �O�p�t�i�o�n�s� �f�o�r� �t�h�e� �P�r�o�j�e�c�t� 

�T�h�e� �f�i�n�d�i�n�g�s� �i�n� �S�p�r�e�a�d�s�h�e�e�t�s� �1�A� �a�n�d� �1� �a�r�e� �e�n�t�e�r�e�d� �i�n�t�o� �S�p�r�e�a�d�s�h�e�e�t� �2�F� �t�o� �a�s�s�e�s�s� 

�f�i�n�a�n�c�i�n�g� �o�p�t�i�o�n�s� �f�o�r� �t�h�e� �w�a�t�e�r� �e�x�t�e�n�s�i�o�n�.� �T�h�e� �f�o�u�r� �o�p�t�i�o�n�s� �s�e�l�e�c�t�e�d� �f�o�r� �t�h�i�s� �a�n�a�l�y�s�i�s� �a�r�e� 

�s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�9�.� �T�h�e�s�e� �o�p�t�i�o�n�s� �v�a�r�y� �b�y� �t�h�e� �a�m�o�u�n�t� �o�f� �f�u�n�d�i�n�g� �r�e�c�e�i�v�e�d� �f�r�o�m� 

�e�x�t�e�r�n�a�l� �s�o�u�r�c�e�s�,� �s�u�c�h� �a�s� �s�t�a�t�e� �a�n�d� �f�e�d�e�r�a�l� �g�r�a�n�t�s�,� �a�n�d� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �f�i�n�a�n�c�i�n�g� �f�r�o�m� 

�r�a�t�e�-�s�u�p�p�o�r�t�e�d� �m�e�a�n�s� �a�n�d� �a�s�s�e�s�s�m�e�n�t�s�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�e� �a�n�a�l�y�s�i�s� �i�s� �t�o� �a�s�s�e�s�s� �t�h�e� 

�i�m�p�a�c�t� �o�f� �f�u�n�d�i�n�g� �a�s�s�i�s�t�a�n�c�e� �a�n�d� �f�i�n�a�n�c�i�n�g� �o�p�t�i�o�n�s� �o�n� �a�n�n�u�a�l� �w�a�t�e�r� �r�a�t�e�s�,� �a�n�n�u�a�l� 

�h�o�u�s�e�h�o�l�d� �c�o�s�t�s� �f�r�o�m� �w�a�t�e�r� �r�a�t�e�s�,� �a�n�d� �w�a�t�e�r� �r�a�t�e�s� �p�e�r� �1�,�0�0�0� �g�a�l�l�o�n�s� �o�f� �w�a�t�e�r�.� 

�O�p�t�i�o�n� �1�,� �t�h�e� �b�a�s�e� �c�a�s�e� �e�x�a�m�p�l�e�,� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �T�o�w�n� �w�i�l�l� �p�a�y� �f�o�r� �1�0�0�%� �o�f� 

�c�a�p�i�t�a�l� �n�e�e�d�s� �f�o�r� �t�h�e� �p�r�o�j�e�c�t� �t�h�r�o�u�g�h� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �r�e�v�o�l�v�i�n�g� �l�o�a�n�s�.� �N�o� �e�x�t�e�r�n�a�l� 

�f�i�n�a�n�c�i�a�l� �a�s�s�i�s�t�a�n�c�e�,� �s�u�c�h� �a�s� �g�r�a�n�t�s�,� �w�i�l�l� �b�e� �r�e�c�e�i�v�e�d�.� �O�p�t�i�o�n� �2� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �T�o�w�n� 
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�w�i�l�l� �p�a�y� �f�o�r� �7�0� �p�e�r�c�e�n�t� �o�f� �c�o�s�t�s� �t�h�r�o�u�g�h� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �l�o�a�n�s�.� �T�h�e� �r�e�m�a�i�n�i�n�g� �3�0� �p�e�r�c�e�n�t� 

�i�s� �f�i�n�a�n�c�e�d� �w�i�t�h� �a�s�s�e�s�s�m�e�n�t�s� �f�r�o�m� �n�e�w� �c�u�s�t�o�m�e�r�s�.� �I�n� �O�p�t�i�o�n� �3�,� �g�r�a�n�t�s� �w�i�l�l� �p�a�y� �f�o�r� �5�0� 

�p�e�r�c�e�n�t� �o�f� �c�a�p�i�t�a�l� �n�e�e�d�s�,� �w�i�t�h� �t�h�e� �r�e�m�a�i�n�d�e�r� �f�i�n�a�n�c�e�d� �b�y� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �l�o�a�n�s�.� �I�n� �O�p�t�i�o�n� 

�4�,� �t�h�e� �t�o�w�n� �w�i�l�l� �r�e�c�e�i�v�e� �5�0� �p�e�r�c�e�n�t� �o�f� �c�a�p�i�t�a�l� �n�e�e�d�s� �f�r�o�m� �g�r�a�n�t�s�,� �3�5� �p�e�r�c�e�n�t� �f�r�o�m� �r�a�t�e�-� 

�s�u�p�p�o�r�t�e�d� �l�o�a�n�s�,� �a�n�d� �1�5� �p�e�r�c�e�n�t� �f�r�o�m� �n�e�w� �c�u�s�t�o�m�e�r� �a�s�s�e�s�s�m�e�n�t�.� �F�o�r� �a�l�l� �o�f� �t�h�e�s�e� �o�p�t�i�o�n�s�,� 

�i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �r�e�v�o�l�v�i�n�g� �l�o�a�n�s� �a�r�e� �s�e�r�v�i�c�e�d� �a�t� �f�i�v�e� �p�e�r�c�e�n�t� �o�v�e�r� �a� �t�w�e�n�t�y� �y�e�a�r� �t�e�r�m�.� 

�T�h�e� �t�w�e�n�t�y� �y�e�a�r� �t�e�r�m� �w�a�s� �c�h�o�s�e�n� �a�s� �t�h�e� �r�e�p�a�y�m�e�n�t� �t�i�m�e� �b�a�s�e�d� �o�n� �a�n� �e�s�t�i�m�a�t�e�d� �u�s�e�f�u�l� �l�i�f�e� 

�o�f� �t�h�e� �e�q�u�i�p�m�e�n�t�.� �T�h�u�s�,� �i�n� �t�w�e�n�t�y� �y�e�a�r�s�,� �t�h�e� �l�o�a�n� �f�o�r� �t�h�i�s� �s�e�r�v�i�c�e� �e�x�t�e�n�s�i�o�n� �w�i�l�l� �b�e� �p�a�i�d� 

�a�n�d� �t�h�e� �e�q�u�i�p�m�e�n�t� �c�o�u�l�d� �p�o�s�s�i�b�l�y� �b�e� �r�e�p�l�a�c�e�d�.� 

�T�a�b�l�e� �4�.�9�:� �F�i�n�a�n�c�i�n�g� �O�p�t�i�o�n�s� �f�o�r� �t�h�e� �T�o�t�a�l� �P�r�o�j�e�c�t� �C�o�s�t� �(�$�3�.�4�2�5� �M�i�l�l�i�o�n�)� 

� � 

�F�i�n�a�n�c�i�n�g� �O�p�t�i�o�n�s� �-� �A�m�o�u�n�t� �F�i�n�a�n�c�e�d� �b�y� �A�m�o�u�n�t� �F�u�n�d�e�d� �b�y� �A�m�o�u�n�t� �F�u�n�d�e�d� �b�y� 
�R�a�t�e�-�S�u�p�p�o�r�t�e�d� �L�o�a�n�s� �|� �O�T�e� �T�i�n� �W�m� �G�C�s� 

�|� �A�O�S� �S�p�U� �a�L�!� 

�O�p�t�i�o�n� �1�,� �B�a�s�e� �C�a�s�e� �$� �3�,�4�2�5�,�0�0�0� �(�1�0�0�%�)� �N�o�n�e� �N�o�n�e� 

�O�p�t�i�o�n� �2� �$� �2�,�3�9�8�,�0�0�0� �(�7�0�%�)� �N�o�n�e� �$� �1�,�0�2�8�,�0�0�0� �(�3�0�%�)� 

�O�p�t�i�o�n� �3� �$� �1�,�7�1�3�,�0�0�0� �(�5�0�%�)� �$� �1�,�7�1�3�,�0�0�0� �(�5�0�%�)� �N�o�n�e� 

�O�p�t�i�o�n� �4� �$� �1�,�1�9�9�,�0�0�0� �(�3�5�%�)� �$� �1�,�7�1�3�,�0�0�0� �(�5�0�%�)� �$� �5�1�4�,�0�0�0� �(�1�5�%�)� � � � � � � 

�T�h�e� �i�m�p�a�c�t�s� �o�f� �t�h�e�s�e� �o�p�t�i�o�n�s� �o�n� �u�s�e�r�s� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �i�n� �S�p�r�e�a�d�s�h�e�e�t� �2�F� �(�A�p�p�e�n�d�i�x� 

�D�)� �a�n�d� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�1�0�.� �O�p�t�i�o�n� �1� �y�i�e�l�d�e�d� �t�h�e� �h�i�g�h�e�s�t� �i�n�c�r�e�a�s�e�s� �i�n� �t�o�t�a�l� �a�n�n�u�a�l� 

�i�n�c�r�e�a�s�e� �i�n� �r�a�t�e�s� �(�$�3�4�5�,�0�0�0�)� �f�o�r� �a�l�l� �u�s�e�r�s�,� �r�a�t�e� �i�n�c�r�e�a�s�e� �o�n� �a�v�e�r�a�g�e� �a�n�n�u�a�l� �h�o�u�s�e�h�o�l�d� �c�o�s�t� 

�(�$�8�0�.�4�5�)�,� �a�n�d� �r�a�t�e� �i�n�c�r�e�a�s�e� �p�e�r� �1�,�0�0�0� �g�a�l�l�o�n�s� �(�$�1�.�9�6�)�.� �O�p�t�i�o�n� �4� �y�i�e�l�d�e�d� �t�h�e� �l�o�w�e�s�t� 

�i�n�c�r�e�a�s�e�s� �i�n� �t�o�t�a�l� �a�n�n�u�a�l� �i�n�c�r�e�a�s�e� �i�n� �r�a�t�e�s� �(�$�1�6�7�,�0�0�0�)� �f�o�r� �a�l�l� �u�s�e�r�s�,� �r�a�t�e� �i�n�c�r�e�a�s�e� �o�n� �a�v�e�r�a�g�e� 

�a�n�n�u�a�l� �h�o�u�s�e�h�o�l�d� �c�o�s�t� �(�$�3�8�.�9�2�)�,� �a�n�d� �r�a�t�e� �i�n�c�r�e�a�s�e� �p�e�r� �1�,�0�0�0� �g�a�l�l�o�n�s� �(�$�0�.�9�5�)�.� 
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�T�a�b�l�e� �4�.�1�0�:� �I�m�p�a�c�t�s� �o�f� �F�i�n�a�n�c�i�n�g� �O�p�t�i�o�n�s� �o�n� �W�a�t�e�r� �R�a�t�e�s� 

� � 

�T�o�t�a�l� �A�n�n�u�a�l� �I�n�c�r�e�a�s�e� �i�n� 

�R�a�t�e�s� �$� �3�4�5�,�0�0�0� �$� �2�6�3�,�0�0�0� �$� �2�0�8�,�0�0�0� �$� �1�6�7�,�0�0�0� 

�R�a�t�e� �I�n�c�r�e�a�s�e� �o�n� �A�v�e�r�a�g�e� 
�A�n�n�u�a�l� �H�H� �C�o�s�t� �$� �8�0�.�4�5� �$� �6�1�.�2�8� �$� �4�8�.�5�0� �$� �3�8�.�9�2� 

�R�a�t�e� �I�n�c�r�e�a�s�e� �p�e�r� �1�,�0�0�0� 
�G�a�l�l�o�n�s� �$� �1�.�9�6� �$� �1�.�4�9� �$� �1�.�1�8� �$� �0�.�9�5� � � � � � � 

�A� �c�o�m�p�a�r�i�s�o�n� �b�e�t�w�e�e�n� �O�p�t�i�o�n� �|� �a�n�d� �O�p�t�i�o�n� �4� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �h�o�u�s�e�h�o�l�d� �c�u�s�t�o�m�e�r�s� 

�i�n� �t�h�e� �T�o�w�n� �o�f� �W�i�s�e� �w�o�u�l�d� �p�a�y� �$�4�1�.�5�3� �m�o�r�e� �p�e�r� �y�e�a�r� �i�f� �t�h�e�y� �m�u�s�t� �r�e�l�y� �o�n� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� 

�f�i�n�a�n�c�i�n�g� �f�o�r� �t�h�e� �w�a�t�e�r� �e�x�t�e�n�s�i�o�n�.� �A�s�s�u�m�i�n�g� �t�h�e� �m�e�d�i�a�n� �h�o�u�s�e�h�o�l�d� �i�n�c�o�m�e� �i�n� �W�i�s�e� 

�C�o�u�n�t�y� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �$�2�1�,�8�5�4� �(�L�E�N�O�W�I�S�C�O� �P�D�C�,� �1�9�9�4�)�,� �a� �$�8�0�.�4�5� �i�n�c�r�e�a�s�e� �i�n� 

�a�n�n�u�a�l� �w�a�t�e�r� �r�a�t�e� �(�O�p�t�i�o�n� �1�)� �i�s� �a� �0�.�3�7� �p�e�r�c�e�n�t� �i�n�c�r�e�a�s�e� �b�a�s�e�d� �o�n� �m�e�d�i�a�n� �h�o�u�s�e�h�o�l�d� 

�i�n�c�o�m�e�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �a� �$�3�8�.�9�2� �i�n�c�r�e�a�s�e� �i�n� �a�n�n�u�a�l� �r�a�t�e�s� �(�O�p�t�i�o�n� �4�)� �i�s� �o�n�l�y� �a� �0�.�1�8� �p�e�r�c�e�n�t� 

�i�n�c�r�e�a�s�e� �b�a�s�e�d� �o�n� �m�e�d�i�a�n� �h�o�u�s�e�h�o�l�d� �i�n�c�o�m�e�.� �T�h�u�s�,� �c�u�r�r�e�n�t� �h�o�u�s�e�h�o�l�d� �c�u�s�t�o�m�e�r�s�,� 

�c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �T�o�w�n� �o�f� �W�i�s�e� �w�a�t�e�r� �s�y�s�t�e�m�,� �w�o�u�l�d� �o�n�l�y� �i�n�c�u�r� �a� �0�.�1�8� �p�e�r�c�e�n�t� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e�i�r� �a�v�e�r�a�g�e� �a�n�n�u�a�l� �h�o�u�s�e�h�o�l�d� �w�a�t�e�r� �c�o�s�t�.� 

�R�a�t�e� �i�n�c�r�e�a�s�e�s� �p�e�r� �1�,�0�0�0� �g�a�l�l�o�n�s� �a�l�s�o� �d�e�c�r�e�a�s�e� �a�s� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� 

�f�i�n�a�n�c�i�n�g� �d�e�c�r�e�a�s�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �O�p�t�i�o�n� �3� �a�n�d� �4� �h�a�v�e� �l�o�w�e�r� �r�a�t�e� �i�n�c�r�e�a�s�e�s� �p�e�r� �1�,�0�0�0� 

�g�a�l�l�o�n�s� �s�i�n�c�e� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �f�i�n�a�n�c�i�a�l� �b�u�r�d�e�n� �i�s� �p�l�a�c�e�d� �o�n� �g�r�a�n�t�s� �a�n�d� �a�s�s�e�s�s�m�e�n�t�s�.� �I�n� 

�p�a�r�t�i�c�u�l�a�r�,� �O�p�t�i�o�n� �4� �h�a�s� �t�h�e� �l�o�w�e�s�t� �i�n�c�r�e�a�s�e� �o�f� �$�0�.�9�5� �p�e�r� �1�,�0�0�0� �g�a�l�l�o�n�s�.� �B�a�s�e�d� �o�n� �e�x�i�s�t�i�n�g� 

�w�a�t�e�r� �r�a�t�e�s� �f�o�r� �t�h�e� �T�o�w�n� �o�f� �W�i�s�e� �(�T�a�b�l�e� �4�.�1�1�)�,� �a� �0�.�9�5� �i�n�c�r�e�a�s�e� �w�o�u�l�d� �b�r�i�n�g� �w�a�t�e�r� �r�a�t�e�s� �t�o� 

�$�3�.�7�0� �(�i�n�-�t�o�w�n�)� �a�n�d� �$�5�.�0�8� �(�o�u�t� �o�f� �t�o�w�n�)� �p�e�r� �a�d�d�i�t�i�o�n�a�l� �1�,�0�0�0� �g�a�l�l�o�n�s�.� �O�p�t�i�o�n�s� �1� �w�o�u�l�d� 

�i�n�c�r�e�a�s�e� �i�n�-�t�o�w�n� �r�a�t�e�s� �t�o� �$�4�.�7�1� �p�e�r� �a�d�d�i�t�i�o�n�a�l� �1�,�0�0�0� �g�a�l�l�o�n�s�.� 
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�T�a�b�l�e� �4�.�1�1�:� �T�h�e� �T�o�w�n� �o�f� �W�i�s�e� �W�a�t�e�r� �R�a�t�e�s� 

�I�n�-�T�o�w�n� �R�a�t�e�s� �O�u�t� �o�f� �T�o�w�n� �R�a�t�e�s� 

�$�7�.�1�5� �f�o�r� �1�*� �1�,�0�0�0� �g�a�l�l�o�n�s� �$�1�0�.�7�3� �f�o�r� �t�h�e� �1�*� �1�,�0�0�0� �g�a�l�l�o�n�s� 
�$�2�.�7�5� �f�o�r� �a�d�d�i�t�i�o�n�a�l� �1�,�0�0�0� �g�a�l�l�o�n�s� �$� �4�.�1�3� �f�o�r� �a�d�d�i�t�i�o�n�a�l� �1�,�0�0�0� �g�a�l�l�o�n�s� 

�$�5�0�0�.�0�0� �p�e�r� �m�e�t�e�r� �t�a�p� �$�7�5�0�.�0�0� �p�e�r� �m�e�t�e�r� �t�a�p� 

� � 

�|�.� �$�1�0�0� �m�e�t�e�r� �d�e�p�o�s�i�t� �f�o�r� �r�e�n�t�e�r�s� �$�1�0�0� �m�e�t�e�r� �d�e�p�o�s�i�t� �f�o�r� �r�e�n�t�e�r�s� 
�S�o�u�r�c�e�:� �T�h�e� �T�o�w�n� �o�f� �W�i�s�e�,� �1�9�9�6�.� 

�T�a�b�l�e� �4�.�1�2� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �p�o�t�e�n�t�i�a�l� �i�m�p�a�c�t� �o�f� �r�a�t�e� �i�n�c�r�e�a�s�e�s� �p�e�r� �1�,�0�0�0� �g�a�l�l�o�n�s�,� 

�f�o�r� �e�a�c�h� �o�p�t�i�o�n�,� �o�n� �e�x�i�s�t�i�n�g� �i�n�-�t�o�w�n� �c�u�s�t�o�m�e�r�s�.� �T�h�e� �a�v�e�r�a�g�e� �w�a�t�e�r� �c�o�s�t� �p�e�r� �m�o�n�t�h� �i�s� 

�b�a�s�e�d� �o�n� �w�a�t�e�r� �c�o�n�s�u�m�p�t�i�o�n� �o�f� �5�,�6�2�5� �g�a�l�/�m�o�n�t�h� �f�o�r� �h�o�u�s�e�h�o�l�d�s� �c�o�n�s�i�s�t�i�n�g� �o�f� �2�.�5� �p�e�r�s�o�n�s� 

�u�s�i�n�g� �7�5� �g�a�l�l�o�n�s� �p�e�r� �c�a�p�i�t�a� �p�e�r� �d�a�y� �(�U�S�G�S�,� �1�9�9�5�)�.� �T�h�e� �f�i�n�d�i�n�g�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �O�p�t�i�o�n�s� �4� 

�w�o�u�l�d� �i�n�c�r�e�a�s�e� �m�o�n�t�h�l�y� �r�a�t�e�s� �b�y� �$�5�.�3�4� �o�r� �2�7�%�,� �f�r�o�m� �$�1�9�.�8�7� �t�o� �$�2�5�.�2�1� �p�e�r� �m�o�n�t�h�,� �f�o�r� 

�e�x�i�s�t�i�n�g� �i�n�-�t�o�w�n� �h�o�u�s�e�h�o�l�d�s�.� �O�p�t�i�o�n� �1�,� �f�i�n�a�n�c�e�d� �s�o�l�e�l�y� �b�y� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �l�o�a�n�s�,� �w�o�u�l�d� 

�i�n�c�r�e�a�s�e� �m�o�n�t�h�l�y� �r�a�t�e�s� �b�y� �$�1�1�.�0�2� �o�r� �5�5�%�.� �B�a�s�e�d� �o�n� �t�h�e� �a�n�a�l�y�s�e�s�,� �O�p�t�i�o�n� �4� �w�o�u�l�d� �b�e� �m�o�s�t� 

�a�f�f�o�r�d�a�b�l�e� �f�o�r� �c�u�r�r�e�n�t� �i�n�-�t�o�w�n� �c�u�s�t�o�m�e�r�s� �t�o� �e�x�t�e�n�d� �w�a�t�e�r� �s�e�r�v�i�c�e� �t�o� �t�h�e� �n�e�w� �3�2�7� 

�c�u�s�t�o�m�e�r�s�.� 

�T�a�b�l�e� �4�.�1�2�:� �R�a�t�e� �I�m�p�a�c�t� �p�e�r� �1�,�0�0�0� �G�a�l�l�o�n�s� �o�n� �E�x�i�s�t�i�n�g� �I�n�-�T�o�w�n� �C�u�s�t�o�m�e�r�s� 

� � 

�E�x�i�s�t�i�n�g� �R�a�t�e�s� �O�p�e�r�!� �O�y� 

�1�*� �1�,�0�0�0� �g�a�l� �$�7�.�1�5� �$�9�.�1�1� �$� �8�.�6�4� �$� �8�.�3�3� �$� �8�.�1�0� 

�A�d�d�.� �1�,�0�0�0� �g�a�l� �$� �2�.�7�5� �$� �4�.�7�1� �$� �4�.�2�4� �$� �3�.�9�3� �$� �3�.�7�0� 

�A�v�g�.� �$�/�m�o�n�t�h� �$� �1�9�.�8�7� �$� �3�0�.�8�9� �$� �2�8�.�2�5� �$� �2�6�.�5�1� �$� �2�5�.�2�1� 
� � 

�P�o�t�e�n�t�i�a�l� �A�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �S�p�r�e�a�d�s�h�e�e�t�s� 

�T�h�e� �a�n�a�l�y�s�e�s� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n� �h�a�v�e� �t�w�o� �p�o�s�s�i�b�l�e� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�O�n�e�,� �m�u�n�i�c�i�p�a�l�i�t�y� �a�n�d� �w�a�t�e�r� �s�y�s�t�e�m� �o�f�f�i�c�i�a�l�s�,� �w�i�t�h� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �s�y�s�t�e�m ��s� �p�h�y�s�i�c�a�l� 

�o�p�e�r�a�t�i�o�n�s� �a�n�d� �b�u�d�g�e�t�,� �c�a�n� �u�s�e� �t�h�e� �a�n�a�l�y�s�i�s� �t�o� �c�a�l�c�u�l�a�t�e� �p�r�o�j�e�c�t� �c�o�s�t�s� �a�n�d� �d�e�t�e�r�m�i�n�e� 

�a�p�p�r�o�p�r�i�a�t�e� �f�u�n�d�i�n�g� �s�t�r�a�t�e�g�i�e�s�.� �T�h�e� �a�n�a�l�y�s�i�s� �c�a�n� �b�e� �p�e�r�f�o�r�m�e�d� �p�r�i�o�r� �t�o� �c�o�n�s�u�l�t�a�t�i�o�n� �w�i�t�h� 

�e�n�g�i�n�e�e�r� �c�o�n�s�u�l�t�a�n�t�s� �t�o� �i�n�d�i�c�a�t�e� �f�i�n�a�n�c�i�a�l� �f�e�a�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �p�r�o�j�e�c�t� �e�a�r�l�y�.� �T�h�e� �s�e�c�o�n�d� 
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�p�o�s�s�i�b�l�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �a�n�a�l�y�s�i�s� �i�s� �t�o� �p�r�o�v�i�d�e� �o�f�f�i�c�e�r�s� �o�f� �g�r�a�n�t� �p�r�o�g�r�a�m�s� �a�n�d� 

�e�n�d�o�w�m�e�n�t�s� �w�i�t�h� �a�n� �a�n�a�l�y�s�i�s� �t�o�o�l� �f�o�r� �e�v�a�l�u�a�t�i�n�g� �t�h�e� �i�m�p�a�c�t� �o�f� �g�r�a�n�t� �l�e�v�e�l�s� �o�n� �e�x�i�s�t�i�n�g� 

�s�y�s�t�e�m� �w�a�t�e�r� �r�a�t�e�s�.� 

�A�n�o�t�h�e�r� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �i�s� �t�o� �s�e�t� �w�a�t�e�r� �r�a�t�e�s�.� �T�h�i�s� �f�u�n�c�t�i�o�n� �i�s� 

�a�c�c�o�m�p�l�i�s�h�e�d� �i�n� �t�h�e� �r�e�s�t� �o�f� �M�o�d�u�l�e� �2� �a�n�d� �M�o�d�u�l�e�s� �3� �a�n�d� �4�.� �I�t� �e�n�a�b�l�e�s� �m�u�n�i�c�i�p�a�l�i�t�i�e�s� �t�o� 

�s�e�t� �w�a�t�e�r� �r�a�t�e�s� �t�h�a�t� �e�n�c�o�m�p�a�s�s� �n�e�w� �s�y�s�t�e�m� �m�o�d�i�f�i�c�a�t�i�o�n�s�.� �M�o�d�u�l�e� �4� �a�l�s�o� �t�e�s�t�s� �t�h�e�s�e� �r�a�t�e�s� 

�t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e�y� �m�e�e�t� �e�x�p�e�n�d�i�t�u�r�e�s�.� 

�H�o�w�e�v�e�r�,� �t�h�i�s� �f�u�n�c�t�i�o�n� �w�a�s� �n�o�t� �p�e�r�f�o�r�m�e�d� �f�o�r� �t�h�e� �p�a�p�e�r� �d�u�e� �t�o� �d�a�t�a� �l�i�m�i�t�a�t�i�o�n�s�.� �I�n� 

�o�r�d�e�r� �t�o� �p�e�r�f�o�r�m� �t�h�e� �r�e�s�t� �o�f� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s�,� �d�a�t�a� �f�r�o�m� �b�u�d�g�e�t�s�,� �c�a�p�i�t�a�l� �i�m�p�r�o�v�e�m�e�n�t� 

�p�l�a�n�s�,� �a�n�d� �c�o�n�s�i�d�e�r�a�b�l�e� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �w�a�t�e�r� �s�u�p�p�l�y� �s�y�s�t�e�m�s� �a�r�e� �r�e�q�u�i�r�e�d�.� �T�h�e�s�e� 

�r�e�s�o�u�r�c�e�s� �w�e�r�e� �n�o�t� �a�c�c�e�s�s�i�b�l�e� �f�o�r� �t�h�i�s� �s�t�u�d�y�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �a�r�e� �i�n�c�l�u�d�e�d� �i�n� 

�A�p�p�e�n�d�i�x� �D�,� �w�i�t�h� �n�u�m�b�e�r�s� �f�o�r� �i�l�l�u�s�t�r�a�t�i�v�e� �p�u�r�p�o�s�e�s�,� �f�o�r� �r�e�v�i�e�w�.� �I�n�s�t�r�u�c�t�i�o�n�s� �a�n�d� 

�e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� �t�h�e�i�r� �u�s�a�g�e� �w�e�r�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�i�s� �c�h�a�p�t�e�r�.� 

�I�n� �t�e�r�m�s� �o�f� �t�h�e� �f�u�t�u�r�e� �u�s�e� �o�f� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s�,� �i�t� �i�s� �r�e�c�o�m�m�e�n�d�e�d� �t�h�a�t� �t�h�e� 

�s�p�r�e�a�d�s�h�e�e�t�s� �b�e� �r�e�f�i�n�e�d� �i�n�t�o� �a� �m�o�r�e� �u�s�e�r�-�f�r�i�e�n�d�l�y� �f�o�r�m�a�t�.� �T�h�i�s� �w�i�l�l� �i�n�v�o�l�v�e� �m�o�d�i�f�i�c�a�t�i�o�n� 

�o�f� �t�h�e� �e�x�i�s�t�i�n�g� �f�o�r�m�a�t� �t�o� �i�n�c�l�u�d�e� �a� �u�s�e�r� �m�a�n�u�a�l� �a�n�d� �i�n�i�t�i�a�l� �s�c�r�e�e�n� �i�n� �w�h�i�c�h� �t�h�e� �u�s�e�r� �c�a�n� 

�e�n�t�e�r� �a�l�l� �r�e�q�u�i�r�e� �d�a�t�a� �b�y� �a�n�s�w�e�r�i�n�g� �q�u�e�s�t�i�o�n�s�.� �I�n� �t�h�e�i�r� �c�u�r�r�e�n�t� �f�o�r�m�,� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �m�u�s�t� 

�b�e� �p�e�r�f�o�r�m�e�d� �b�y� �a�n� �i�n�d�i�v�i�d�u�a�l� �w�i�t�h� �c�o�n�s�i�d�e�r�a�b�l�e� �k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �w�a�t�e�r� �s�y�s�t�e�m ��s� 

�p�h�y�s�i�c�a�l� �o�p�e�r�a�t�i�o�n�s�,� �b�u�d�g�e�t�,� �a�n�d� �s�p�r�e�a�d�s�h�e�e�t� �a�p�p�l�i�c�a�t�i�o�n�.� �A� �c�i�t�y� �m�a�n�a�g�e�r�,� �w�a�t�e�r� �s�y�s�t�e�m� 

�m�a�n�a�g�e�r�,� �o�r� �a� �f�i�n�a�n�c�i�a�l� �m�a�n�a�g�e�r� �c�a�n� �f�i�l�l� �t�h�e�s�e� �r�e�q�u�i�r�e�m�e�n�t�s�.� 
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�C�h�a�p�t�e�r� �V�.� �S�u�m�m�a�r�y� �a�n�d� �C�o�n�c�l�u�s�i�o�n� 

�T�h�i�s� �m�a�j�o�r� �p�a�p�e�r� �s�a�t�i�s�f�i�e�s� �t�h�r�e�e� �m�a�i�n� �o�b�j�e�c�t�i�v�e�s�.� �T�h�e� �f�i�r�s�t� �o�b�j�e�c�t�i�v�e� �w�a�s� �t�o� 

�i�d�e�n�t�i�f�y� �w�a�t�e�r� �s�u�p�p�l�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� �p�r�o�b�l�e�m�s� �a�n�d� �t�o� �a�s�s�e�s�s� �e�x�i�s�t�i�n�g� �w�a�t�e�r� �s�u�p�p�l�y� �i�n� 

�t�h�e� �c�o�a�l�f�i�e�l�d� �c�o�u�n�t�i�e�s�.� �T�h�e� �f�i�n�d�i�n�g�s� �f�r�o�m� �C�h�a�p�t�e�r� �I�I� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �c�o�a�l�f�i�e�l�d� �c�o�u�n�t�i�e�s� 

�h�a�v�e� �i�n�h�e�r�e�n�t� �w�a�t�e�r� �q�u�a�n�t�i�t�y� �a�n�d� �q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s� �t�y�p�i�c�a�l� �f�o�r� �t�h�e� �r�e�g�i�o�n�.� �I�t� �w�a�s� �f�u�r�t�h�e�r� 

�c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e�s�e� �i�s�s�u�e�s� �r�e�q�u�i�r�e� �t�w�o� �m�a�j�o�r� �s�o�l�u�t�i�o�n�s�:� �a�p�p�r�o�p�r�i�a�t�e� �t�e�c�h�n�o�l�o�g�i�e�s� �a�n�d� 

�a�s�s�o�c�i�a�t�e�d� �f�u�n�d�i�n�g� �a�n�d� �f�i�n�a�n�c�i�a�l� �a�s�s�e�s�s�m�e�n�t�.� �T�h�e� �s�e�c�o�n�d� �o�b�j�e�c�t�i�v�e� �a�d�d�r�e�s�s�e�d� �r�e�a�l� �o�p�t�i�o�n�s� 

�a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �t�h�e� �c�o�a�l�f�i�e�l�d�s�,� �w�h�i�l�e� �t�h�e� �t�h�i�r�d� �d�e�a�l�t� �w�i�t�h� �f�i�n�a�n�c�i�a�l� �a�s�s�e�s�s�m�e�n�t�.� 

�W�h�i�l�e� �f�u�l�f�i�l�l�i�n�g� �t�h�e� �f�i�r�s�t� �o�b�j�e�c�t�i�v�e� �i�n� �C�h�a�p�t�e�r� �I�I�,� �t�h�e� �f�i�n�d�i�n�g�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �w�a�t�e�r� 

�q�u�a�n�t�i�t�y� �l�i�m�i�t�a�t�i�o�n� �i�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �s�a�n�d�s�t�o�n�e� �a�n�d� �s�h�a�l�e� �f�o�r�m�a�t�i�o�n�s�.� �T�h�i�s� �t�y�p�e� �o�f� 

�g�e�o�l�o�g�y� �i�s� �f�o�u�n�d� �o�f� �t�h�e� �C�u�m�b�e�r�l�a�n�d� �P�l�a�t�e�a�u�,� �i�n� �w�h�i�c�h� �m�o�s�t� �o�f� �t�h�e� �c�o�a�l�f�i�e�l�d� �r�e�g�i�o�n� �i�s� 

�l�o�c�a�t�e�d�.� �E�v�e�n� �i�n� �t�h�e� �V�a�l�l�e�y� �a�n�d� �R�i�d�g�e� �P�l�a�t�e�a�u�,� �w�h�e�r�e� �a� �h�i�g�h�e�r� �c�o�n�d�u�c�t�o�r� �o�f� �w�a�t�e�r� 

�(�l�i�m�e�s�t�o�n�e�)� �d�o�m�i�n�a�t�e�s�,� �s�a�n�d� �a�n�d� �s�h�a�l�e� �t�y�p�i�c�a�l�l�y� �u�n�d�e�r�l�a�y� �t�h�e� �r�i�d�g�e�s� �a�n�d� �u�p�l�a�n�d� �a�r�e�a�s� �o�f� 

�t�h�e� �V�a�l�l�e�y� �a�n�d� �R�i�d�g�e� �P�l�a�t�e�a�u�.� �F�o�r� �t�h�e�s�e� �r�e�a�s�o�n�s�,� �w�a�t�e�r� �s�o�u�r�c�e�s� �i�n� �t�h�e� �c�o�a�l�f�i�e�l�d�s�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �i�n�d�i�v�i�d�u�a�l� �s�y�s�t�e�m�s�,� �a�r�e� �u�n�r�e�l�i�a�b�l�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �c�o�a�l�f�i�e�l�d� �r�e�g�i�o�n� 

�e�x�p�e�r�i�e�n�c�e�s� �s�e�v�e�r�e� �w�a�t�e�r� �q�u�a�n�t�i�t�y� �p�r�o�b�l�e�m�s� �d�u�r�i�n�g� �d�r�o�u�g�h�t� �p�e�r�i�o�d�s�.� �S�o�m�e� �m�u�n�i�c�i�p�a�l� 

�g�r�o�u�n�d�w�a�t�e�r� �s�o�u�r�c�e�s� �a�n�d� �m�a�n�y� �i�n�d�i�v�i�d�u�a�l� �w�e�l�l�s� �h�a�v�e� �d�r�i�e�d� �o�u�t� �d�u�r�i�n�g� �d�r�o�u�g�h�t� �p�e�r�i�o�d�s�.� 

�D�u�r�i�n�g� �d�r�y� �s�u�m�m�e�r� �m�o�n�t�h�s�,� �s�o�m�e� �w�a�t�e�r� �u�t�i�l�i�t�i�e�s� �r�e�p�o�r�t�e�d� �u�n�a�c�c�e�p�t�a�b�l�e�,� �l�o�w� �y�i�e�l�d�s�.� 

�E�v�e�n� �w�h�e�n� �w�a�t�e�r� �q�u�a�n�t�i�t�y� �p�r�o�b�l�e�m�s� �c�a�n� �b�e� �m�i�t�i�g�a�t�e�d� �b�y� �p�u�b�l�i�c� �w�a�t�e�r�,� �a�c�c�e�s�s� �t�o� 

�t�h�e�s�e� �s�o�u�r�c�e�s� �i�s� �o�f�t�e�n� �n�o�t� �a�v�a�i�l�a�b�l�e�.� �T�h�e� �w�a�t�e�r� �a�v�a�i�l�a�b�i�l�i�t�y� �p�r�o�b�l�e�m� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �t�h�e� 

�l�o�w� �p�e�r�c�e�n�t�a�g�e�s� �o�f� �p�u�b�l�i�c� �w�a�t�e�r� �c�o�n�n�e�c�t�i�o�n�s� �i�n� �t�h�e� �c�o�a�l�f�i�e�l�d� �c�o�u�n�t�i�e�s�.� �I�n� �1�9�9�0�,� �f�o�r� 

�e�x�a�m�p�l�e�,� �U�.�S�.� �C�e�n�s�u�s� �d�a�t�a� �i�n�d�i�c�a�t�e� �t�h�a�t� �o�n�l�y� �2�,�7�4�6� �o�u�t� �o�f� �1�2�,�2�2�2� �h�o�u�s�i�n�g� �u�n�i�t�s� �i�n� 

�B�u�c�h�a�n�a�n� �C�o�u�n�t�y� �a�r�e� �c�o�n�n�e�c�t�e�d� �t�o� �p�u�b�l�i�c� �w�a�t�e�r� �s�y�s�t�e�m�s�.� �A�l�t�h�o�u�g�h� �B�u�c�h�a�n�a�n� �C�o�u�n�t�y� �i�s� 

�o�n�e� �o�f� �t�h�e� �m�o�s�t� �a�g�g�r�e�s�s�i�v�e� �w�a�t�e�r� �d�e�v�e�l�o�p�e�r� �i�n� �t�h�e� �c�o�a�l�f�i�e�l�d� �c�o�u�n�t�i�e�s�,� �i�t� �s�t�i�l�l� �h�a�s� �t�h�e� �l�o�w�e�s�t� 

�p�e�r�c�e�n�t�a�g�e� �(�2�2�.�5� �p�e�r�c�e�n�t�)� �o�f� �c�o�n�n�e�c�t�e�d� �h�o�u�s�i�n�g� �u�n�i�t�s� �t�o� �p�u�b�l�i�c� �w�a�t�e�r� �i�n� �1�9�9�0� �f�o�r� �t�h�e� 

�r�e�g�i�o�n�.� �O�t�h�e�r� �c�o�u�n�t�i�e�s� �h�a�v�e� �a�l�s�o� �i�n�c�r�e�a�s�e�d� �t�h�e�i�r� �n�u�m�b�e�r� �o�f� �c�o�n�n�e�c�t�i�o�n�s� �t�o� �p�u�b�l�i�c� �w�a�t�e�r�,� 

�b�u�t� �m�a�n�y� �c�o�u�n�t�i�e�s� �s�t�i�l�l� �r�e�l�y� �h�e�a�v�i�l�y� �o�n� �i�n�d�i�v�i�d�u�a�l� �w�e�l�l�s� �a�n�d� �o�t�h�e�r� �w�a�t�e�r� �s�o�u�r�c�e�s�.� 
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�T�h�e� �f�i�n�d�i�n�g�s� �a�l�s�o� �i�n�d�i�c�a�t�e� �a� �s�u�b�s�t�a�n�t�i�a�l� �n�u�m�b�e�r� �o�f� �h�o�u�s�i�n�g� �u�n�i�t�s� �r�e�q�u�i�r�e�s� �n�o�t� �o�n�l�y� 

�p�u�b�l�i�c� �w�a�t�e�r� �a�c�c�e�s�s� �b�u�t� �a�l�s�o� �m�o�d�e�r�n� �i�n�f�r�a�s�t�r�u�c�t�u�r�e� �t�o� �s�u�p�p�o�r�t� �p�u�b�l�i�c� �s�y�s�t�e�m� �w�a�t�e�r�.� �I�n� 

�1�9�9�0�,� �a� �t�o�t�a�l� �o�f� �5�,�0�3�1� �h�o�u�s�i�n�g� �u�n�i�t�s� �(�5�.�7� �p�e�r�c�e�n�t� �o�f� �t�o�t�a�l� �h�o�u�s�i�n�g� �u�n�i�t�s�)� �i�n� �t�h�e� �c�o�a�l�f�i�e�l�d� 

�c�o�u�n�t�i�e�s� �d�i�d� �n�o�t� �h�a�v�e� �c�o�m�p�l�e�t�e� �p�l�u�m�b�i�n�g� �f�a�c�i�l�i�t�i�e�s�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �w�a�s� �a� �s�i�g�n�i�f�i�c�a�n�t� 

�i�m�p�r�o�v�e�m�e�n�t� �f�r�o�m� �t�h�e� �2�5�,�7�4�3� �u�n�i�t�s� �(�4�1� �p�e�r�c�e�n�t�)� �i�n� �1�9�7�0�,� �o�v�e�r� �f�i�v�e� �t�h�o�u�s�a�n�d� �h�o�u�s�i�n�g� 

�u�n�i�t�s� �s�t�i�l�l� �l�a�c�k� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �f�a�c�i�l�i�t�i�e�s� �t�o� �s�u�s�t�a�i�n� �p�u�b�l�i�c� �s�y�s�t�e�m� �w�a�t�e�r�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �w�a�t�e�r� �q�u�a�n�t�i�t�y� �p�r�o�b�l�e�m�s�,� �t�h�e� �p�h�y�s�i�o�g�r�a�p�h�y� �o�f� �t�h�e� �c�o�a�l�f�i�e�l�d�s� 

�c�o�n�t�r�i�b�u�t�e�s� �t�o� �w�a�t�e�r� �q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s�.� �T�h�a�t� �i�s�,� �g�r�o�u�n�d�w�a�t�e�r� �i�n� �t�h�e� �C�u�m�b�e�r�l�a�n�d� �P�l�a�t�e�a�u� 

�t�e�n�d�s� �t�o� �b�e� �o�f� �p�o�o�r� �q�u�a�l�i�t�y�,� �s�u�l�f�u�r�o�u�s� �a�n�d� �i�r�o�n�-�r�i�c�h�,� �d�u�e� �t�o� �t�h�e� �s�a�n�d�s�t�o�n�e�,� �s�h�a�l�e�,� �a�n�d� �c�o�a�l� 

�f�o�r�m�a�t�i�o�n�s�.� �A�t� �d�e�p�t�h�s� �o�f� �g�r�e�a�t�e�r� �t�h�a�n� �3�0�0� �f�e�e�t�,� �n�a�t�u�r�a�l�l�y� �s�a�l�i�n�e� �w�a�t�e�r�s� �o�c�c�u�r� �i�n� �t�h�i�s� 

�r�e�g�i�o�n�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �l�i�m�e�s�t�o�n�e� �f�o�r�m�a�t�i�o�n�s� �c�o�n�t�r�i�b�u�t�e�s� �t�o� 

�t�h�e� �h�a�r�d�n�e�s�s� �o�f� �w�a�t�e�r� �i�n� �t�h�e� �V�a�l�l�e�y� �a�n�d� �R�i�d�g�e� �P�l�a�t�e�a�u�.� 

�K�a�r�s�t� �t�e�r�r�a�i�n� �i�s� �a�n�o�t�h�e�r� �n�a�t�u�r�a�l� �f�o�r�m�a�t�i�o�n� �t�h�a�t� �c�a�n� �c�o�n�t�r�i�b�u�t�e� �t�o� �w�a�t�e�r� 

�c�o�n�t�a�m�i�n�a�t�i�o�n�.� �T�h�e� �k�a�r�s�t� �t�e�r�r�a�i�n� �i�n� �t�h�e� �R�i�d�g�e� �a�n�d� �V�a�l�l�e�y� �P�l�a�t�e�a�u� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� 

�s�i�n�k�h�o�l�e�s� �a�n�d� �s�o�l�u�t�i�o�n� �c�h�a�n�n�e�l�s� �w�h�i�c�h� �m�a�y� �a�c�c�e�l�e�r�a�t�e� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �c�o�n�t�a�m�i�n�a�n�t�s� �i�n�t�o� 

�d�e�e�p� �w�e�l�l�s�.� �T�h�a�t� �i�s�,� �s�t�r�e�a�m�s� �a�n�d� �s�u�r�f�a�c�e� �r�u�n�o�f�f� �e�n�t�e�r�i�n�g� �s�i�n�k�h�o�l�e�s� �t�o� �r�e�c�h�a�r�g�e� �a�q�u�i�f�e�r�s� �a�r�e� 

�a�l�s�o� �d�i�r�e�c�t� �c�o�n�d�u�i�t�s� �o�f� �c�o�n�t�a�m�i�n�a�n�t�s�.� �D�u�m�p�i�n�g� �i�n� �s�i�n�k�h�o�l�e�s� �c�a�n� �a�d�v�e�r�s�e�l�y� �i�m�p�a�c�t� 

�g�r�o�u�n�d�w�a�t�e�r�.� �C�o�m�b�i�n�e�d� �w�i�t�h� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �c�o�a�l�f�i�e�l�d�s� �a�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�i�n� �t�o�p� �s�o�i�l� 

�t�h�a�t� �a�l�l�o�w�s� �r�e�l�a�t�i�v�e�l�y� �e�a�s�y� �p�e�n�e�t�r�a�t�i�o�n� �b�y� �c�o�n�t�a�m�i�n�a�n�t�s�,� �t�h�e�s�e� �n�a�t�u�r�a�l� �c�o�n�d�i�t�i�o�n�s� �a�n�d� 

�a�s�s�o�c�i�a�t�e�d� �l�a�n�d� �u�s�e� �p�r�a�c�t�i�c�e�s� �m�a�k�e� �t�h�e� �p�o�l�l�u�t�i�o�n� �p�o�t�e�n�t�i�a�l� �i�n� �t�h�e� �r�e�g�i�o�n� �v�e�r�y� �h�i�g�h�.� 

�A�n�o�t�h�e�r� �l�a�n�d� �u�s�e� �p�r�a�c�t�i�c�e� �t�h�a�t� �m�a�y� �s�i�g�n�i�f�i�c�a�n�t�l�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �w�a�t�e�r� �c�o�n�t�a�m�i�n�a�t�i�o�n� 

�i�s� �t�h�e� �i�n�c�r�e�a�s�e�d� �u�s�e� �o�f� �s�e�p�t�i�c� �s�y�s�t�e�m� �a�n�d� �c�e�s�s�p�o�o�l� �i�n� �t�h�e� �c�o�a�l�f�i�e�l�d� �r�e�g�i�o�n�.� �I�n� �1�9�9�0�,� �a� �t�o�t�a�l� 

�o�f� �5�4�,�9�5�3� �h�o�u�s�i�n�g� �u�n�i�t�s� �(�6�3�%� �o�f� �a�l�l� �h�o�u�s�i�n�g� �u�n�i�t�s�)� �i�n� �t�h�e� �c�o�a�l�f�i�e�l�d� �c�o�u�n�t�i�e�s� �r�e�l�i�e�d� �o�n� 

�s�e�p�t�i�c� �t�a�n�k�s� �a�n�d� �c�e�s�s�p�o�o�l�s� �f�o�r� �s�e�w�a�g�e� �d�i�s�p�o�s�a�l�.� �A�l�t�h�o�u�g�h� �s�e�p�t�i�c� �s�y�s�t�e�m�s� �d�o� �n�o�t� �g�e�n�e�r�a�l�l�y� 

�l�e�a�d� �t�o� �d�r�i�n�k�i�n�g� �w�a�t�e�r� �c�o�n�t�a�m�i�n�a�t�i�o�n�,� �t�h�e�y� �c�a�n� �i�m�p�a�c�t� �g�r�o�u�n�d�w�a�t�e�r� �w�h�e�n� �n�o�t� �p�r�o�p�e�r�l�y� 

�d�e�s�i�g�n�e�d�,� �s�i�t�e�d�,� �o�r� �m�a�i�n�t�a�i�n�e�d�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e�y� �c�a�n� �c�o�n�t�a�m�i�n�a�t�e� �g�r�o�u�n�d�w�a�t�e�r� �w�i�t�h� 

�n�i�t�r�a�t�e�s�,� �c�o�l�i�f�o�r�m� �b�a�c�t�e�r�i�a�,� �v�i�r�u�s�e�s�,� �a�n�d� �a� �v�a�r�i�e�t�y� �o�f� �o�r�g�a�n�i�c� �a�n�d� �i�n�o�r�g�a�n�i�c� �c�h�e�m�i�c�a�l�s� �f�r�o�m� 

�h�o�u�s�e�h�o�l�d� �u�s�e�.� �T�h�e� �p�r�o�b�l�e�m� �i�n�t�e�n�s�i�f�i�e�s� �w�h�e�n� �t�h�e� �w�o�r�k�i�n�g� �c�o�n�d�i�t�i�o�n�s� �o�f� �s�e�p�t�i�c� �s�y�s�t�e�m�s� 

�a�r�e� �a�l�s�o� �c�o�n�s�i�d�e�r�e�d�.� �S�i�n�c�e� �m�o�s�t� �s�e�p�t�i�c� �s�y�s�t�e�m�s� �w�e�r�e� �i�n�s�t�a�l�l�e�d� �i�n� �t�h�e� �1�9�6�0�s� �a�n�d� �1�9�7�0�s�,� 
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�w�i�t�h� �t�h�e� �d�e�s�i�g�n� �l�i�f�e� �a�v�e�r�a�g�i�n�g� �1�0� �t�o� �1�5� �y�e�a�r�s�,� �t�h�e�y� �c�a�n� �i�m�p�o�s�e� �h�i�g�h� �r�i�s�k�s� �i�n� �d�r�i�n�k�i�n�g� �w�a�t�e�r� 

�w�h�e�n� �n�o�t� �t�i�m�e�l�y� �m�a�i�n�t�a�i�n�e�d� �o�r� �r�e�p�l�a�c�e�d�.� 

�C�h�a�p�t�e�r� �I�I� �a�l�s�o� �c�h�a�r�a�c�t�e�r�i�z�e�d� �w�a�t�e�r� �q�u�a�n�t�i�t�y� �a�n�d� �q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s� �a�r�i�s�i�n�g� �f�r�o�m� 

�m�i�n�i�n�g�.� �T�w�o� �m�a�j�o�r� �p�r�o�b�l�e�m�s� �a�r�e� �c�r�e�a�t�e�d� �b�y� �m�i�n�i�n�g�.� �T�h�e� �f�i�r�s�t� �p�r�o�b�l�e�m� �i�n�v�o�l�v�e�s� �t�h�e� �l�o�s�s� 

�o�f� �w�a�t�e�r� �i�n� �w�e�l�l�s� �w�h�e�n� �a�q�u�i�f�e�r�s� �a�r�e� �i�n�t�e�r�r�u�p�t�e�d� �b�y� �n�e�a�r�b�y� �b�l�a�s�t�i�n�g� �o�r� �s�u�b�s�i�d�e�n�c�e�.� �H�i�g�h� 

�e�x�t�r�a�c�t�i�o�n� �m�i�n�i�n�g�,� �t�h�e� �m�o�s�t� �p�r�e�v�a�l�e�n�t�l�y� �u�s�e�d� �m�e�t�h�o�d� �i�n� �V�i�r�g�i�n�i�a�,� �c�a�u�s�e�s� �s�u�b�s�i�d�e�n�c�e� �a�n�d� 

�c�a�v�e�-�i�n�s� �b�y� �d�e�s�i�g�n�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �s�u�b�s�i�d�e�n�c�e� �d�a�m�a�g�e�s� �w�e�l�l� �s�h�a�f�t�s�,� �d�r�a�i�n� �a�c�q�u�i�f�e�r�s�,� �a�n�d� 

�c�o�n�t�a�m�i�n�a�t�e� �w�e�l�l� �w�a�t�e�r�.� 

�T�h�e� �s�e�c�o�n�d� �p�r�o�b�l�e�m� �c�r�e�a�t�e�d� �b�y� �m�i�n�i�n�g� �c�o�n�s�i�s�t�s� �o�f� �s�u�r�f�a�c�e� �a�n�d� �g�r�o�u�n�d�w�a�t�e�r� 

�c�o�n�t�a�m�i�n�a�t�i�o�n� �f�r�o�m� �c�o�a�l� �e�x�t�r�a�c�t�i�o�n� �a�n�d� �p�r�o�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�e�s�.� �S�i�n�c�e� �c�o�a�l� �i�s� �f�r�e�q�u�e�n�t�l�y� 

�f�o�u�n�d� �w�i�t�h� �i�r�o�n� �p�y�r�i�t�e�s� �a�n�d� �o�t�h�e�r� �s�u�l�f�i�d�e�s�,� �w�a�t�e�r� �c�o�n�t�a�m�i�n�a�t�i�o�n� �c�a�n� �o�c�c�u�r� �f�r�o�m� �a�c�i�d� �m�i�n�e� 

�d�r�a�i�n�a�g�e�,� �t�h�e� �w�a�s�h�i�n�g� �o�f� �c�h�e�m�i�c�a�l�s� �a�n�d� �m�i�n�e�r�a�l�s�,� �a�n�d� �m�i�n�e� �w�a�s�t�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� 

�r�e�i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �t�r�a�n�s�f�o�r�m�e�d� �m�i�n�e�r�a�l�s� �i�n�t�o� �w�a�t�e�r�,� �b�y� �m�i�n�i�n�g� �p�r�o�c�e�s�s�e�s�,� �r�e�s�u�l�t�s� �i�n� �v�e�r�y� 

�a�c�i�d�i�c� �g�r�o�u�n�d�w�a�t�e�r� �w�i�t�h� �h�i�g�h� �l�e�v�e�l�s� �o�f� �i�r�o�n� �a�n�d� �s�u�l�f�a�t�e�s�.� �T�h�u�s�,� �t�h�e� �w�a�t�e�r� �f�r�o�m� �a�f�f�e�c�t�e�d� 

�s�o�u�r�c�e�s� �m�u�s�t� �b�e� �t�r�e�a�t�e�d� �b�y� �a�p�p�r�o�p�r�i�a�t�e� �t�r�e�a�t�m�e�n�t� �t�e�c�h�n�o�l�o�g�i�e�s� �f�o�r� �a�c�c�e�p�t�a�b�l�e� �h�o�u�s�e�h�o�l�d� 

�u�s�e�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�y�p�i�c�a�l� �q�u�a�n�t�i�t�y� �a�n�d� �q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s�,� �t�h�e� �c�o�a�l�f�i�e�l�d� �c�o�u�n�t�i�e�s� �a�l�s�o� 

�h�a�v�e� �o�p�e�r�a�t�i�o�n�a�l� �c�o�n�s�t�r�a�i�n�t�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �h�i�g�h� �w�a�t�e�r� �l�o�s�s� �i�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �p�r�o�b�l�e�m� �f�o�r� 

�s�o�m�e� �s�y�s�t�e�m�s� �s�i�n�c�e� �s�y�s�t�e�m� �u�p�g�r�a�d�e� �i�s� �n�o�t� �f�i�n�a�n�c�i�a�l�l�y� �f�e�a�s�i�b�l�e� �f�o�r� �a�l�l� �c�o�m�m�u�n�i�t�i�e�s� �d�u�e� �t�o� 

�r�e�s�o�u�r�c�e� �l�i�m�i�t�a�t�i�o�n�.� �F�u�r�t�h�e�r�m�o�r�e�,� �s�o�m�e� �s�y�s�t�e�m�s� �a�r�e� �i�n� �n�e�e�d� �o�f� �e�x�p�a�n�s�i�o�n� �t�o� �s�e�r�v�e� 

�u�n�s�e�r�v�e�d� �p�o�p�u�l�a�t�i�o�n�s� �a�n�d� �g�e�n�e�r�a�l� �r�e�p�a�i�r�s� �t�o� �m�o�d�e�r�n�i�z�e� �o�l�d� �s�y�s�t�e�m�s�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� 

�f�i�n�a�n�c�i�a�l� �r�e�s�o�u�r�c�e�s� �l�i�m�i�t�a�t�i�o�n�,� �t�h�e� �r�e�g�i�o�n ��s� �s�t�e�e�p� �s�l�o�p�e� �t�e�r�r�a�i�n� �c�a�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e� 

�c�o�n�s�t�r�u�c�t�i�o�n� �c�o�s�t�s� �t�o� �r�e�n�d�e�r� �w�a�t�e�r� �p�r�o�j�e�c�t�s� �u�n�f�e�a�s�i�b�l�e�.� 

�C�h�a�p�t�e�r� �I�I�I� �e�x�p�l�o�r�e�d� �t�h�e� �s�e�c�o�n�d� �o�b�j�e�c�t�i�v�e� �o�f� �i�d�e�n�t�i�f�y�i�n�g� �t�e�c�h�n�i�c�a�l� �o�p�t�i�o�n�s� 

�a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �s�m�a�l�l� �w�a�t�e�r� �s�y�s�t�e�m�s� �f�o�r� �w�a�t�e�r� �s�u�p�p�l�y� �s�o�u�r�c�e� �d�e�v�e�l�o�p�m�e�n�t� �a�n�d� �s�y�s�t�e�m� 

�d�e�s�i�g�n�,� �u�p�g�r�a�d�e�,� �r�e�p�l�a�c�e�m�e�n�t�,� �a�n�d� �e�x�t�e�n�s�i�o�n�.� �T�h�e� �c�h�a�p�t�e�r� �i�d�e�n�t�i�f�i�e�d� �a�n�d� �d�i�s�c�u�s�s�e�d� �a� 

�v�a�r�i�e�t�y� �o�f� �t�e�c�h�n�o�l�o�g�i�c�a�l� �o�p�t�i�o�n�s� �a�n�d� �t�h�e�i�r� �a�s�s�o�c�i�a�t�e�d� �c�o�s�t�s�.� �W�a�t�e�r� �h�a�r�v�e�s�t�i�n�g�,� �f�o�r� 

�e�x�a�m�p�l�e�,� �c�a�n� �h�e�l�p� �a�l�l�e�v�i�a�t�e� �w�a�t�e�r� �q�u�a�n�t�i�t�y� �p�r�o�b�l�e�m�s� �b�y� �s�u�p�p�l�e�m�e�n�t�i�n�g� �e�x�i�s�t�i�n�g� �s�u�p�p�l�i�e�s� 

�w�i�t�h� �c�o�l�l�e�c�t�e�d� �r�a�i�n� �w�a�t�e�r�.� �W�a�t�e�r� �s�o�u�r�c�e� �p�r�o�t�e�c�t�i�o�n� �s�t�r�a�t�e�g�i�e�s�,� �s�u�c�h� �a�s� �b�u�f�f�e�r�s� �a�n�d� �s�e�t�b�a�c�k� 

�7�1



�i�n� �z�o�n�i�n�g�,� �s�t�r�e�a�m� �b�a�n�k� �f�e�n�c�i�n�g�,� �a�n�d� �b�e�s�t� �m�a�n�a�g�e�m�e�n�t� �p�r�a�c�t�i�c�e�s�,� �w�e�r�e� �p�r�o�v�i�d�e�d� �t�o� �g�u�i�d�e� 

�l�a�n�d� �u�s�e� �p�r�a�c�t�i�c�e�s� �t�h�a�t� �a�r�e� �m�o�r�e� �s�e�n�s�i�t�i�v�e� �t�o� �w�a�t�e�r� �q�u�a�l�i�t�y�.� �T�r�e�a�t�m�e�n�t� �t�e�c�h�n�o�l�o�g�i�e�s� �w�e�r�e� 

�i�d�e�n�t�i�f�i�e�d� �a�s� �p�a�r�t�i�c�u�l�a�r�l�y� �r�e�s�p�o�n�s�i�v�e� �t�o� �w�a�t�e�r� �q�u�a�l�i�t�y� �p�r�o�b�l�e�m�s� �t�y�p�i�c�a�l� �t�o� �t�h�e� �r�e�g�i�o�n�,� �s�u�c�h� 

�a�s� �h�i�g�h� �l�e�v�e�l�s� �o�f� �i�r�o�n�,� �m�a�n�g�a�n�e�s�e�,� �s�o�d�i�u�m�,� �a�n�d� �c�h�l�o�r�i�d�e�s�.� �O�x�i�d�a�t�i�o�n� �f�i�l�t�r�a�t�i�o�n�,� �f�o�r� 

�e�x�a�m�p�l�e�,� �r�e�m�o�v�e�s� �i�r�o�n�,� �m�a�n�g�a�n�e�s�e�,� �a�n�d� �r�a�d�i�u�m�.� �A�e�r�a�t�i�o�n� �o�x�i�d�i�z�e�s� �i�r�o�n� �a�n�d� �m�a�n�g�a�n�e�s�e�.� 

�I�o�n� �e�x�c�h�a�n�g�e� �c�a�n� �r�e�m�o�v�e� �i�n�o�r�g�a�n�i�c� �c�o�n�t�a�m�i�n�a�n�t�s�,� �i�n�c�l�u�d�i�n�g� �h�a�r�d�n�e�s�s� �c�a�u�s�i�n�g� �c�h�e�m�i�c�a�l�s�.� 

�T�h�e� �t�r�e�a�t�m�e�n�t� �t�e�c�h�n�o�l�o�g�i�e�s� �p�r�e�s�e�n�t�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I� �a�r�e� �a�l�l� �a�p�p�r�o�p�r�i�a�t�e� �f�o�r� �s�m�a�l�l� �w�a�t�e�r� 

�s�y�s�t�e�m�s�.� 

�U�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�a�t� �m�a�n�y� �m�u�n�i�c�i�p�a�l�i�t�i�e�s� �i�n� �t�h�e� �c�o�a�l�f�i�e�l�d� �c�o�u�n�t�i�e�s� �h�a�v�e� �l�i�m�i�t�e�d� 

�r�e�s�o�u�r�c�e�s� �f�o�r� �w�a�t�e�r� �d�e�v�e�l�o�p�m�e�n�t�,� �t�h�e� �t�h�i�r�d� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �p�a�p�e�r� �w�a�s� �t�o� �d�e�v�e�l�o�p� �a�n�d� 

�d�e�m�o�n�s�t�r�a�t�e� �a�n� �i�n�t�e�r�a�c�t�i�v�e�,� �m�a�n�a�g�e�a�b�l�e�,� �a�n�d� �a�c�c�e�s�s�i�b�l�e� �s�p�r�e�a�d�s�h�e�e�t� �m�e�t�h�o�d� �o�f� �a�s�s�e�s�s�i�n�g� 

�c�a�p�i�t�a�l� �c�o�s�t�s�,� �f�i�n�a�n�c�i�n�g� �o�p�t�i�o�n�s�,� �a�n�d� �w�a�t�e�r� �r�a�t�e� �i�m�p�a�c�t�s� �o�f� �d�e�v�e�l�o�p�m�e�n�t� �p�r�o�j�e�c�t�s�.� �T�h�e� 

�f�i�n�d�i�n�g�s� �f�r�o�m� �C�h�a�p�t�e�r� �I�V� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �m�e�t�h�o�d� �c�a�n� �a�i�d� �i�n�d�i�v�i�d�u�a�l�s� �a�n�d� �o�r�g�a�n�i�z�a�t�i�o�n�s� 

�i�n� �d�e�t�e�r�m�i�n�i�n�g� �c�a�p�i�t�a�l� �c�o�s�t�s� �o�f� �w�a�t�e�r� �p�r�o�j�e�c�t�s�,� �e�v�a�l�u�a�t�i�n�g� �f�u�n�d�i�n�g� �a�n�d� �f�i�n�a�n�c�i�n�g� �o�p�t�i�o�n�s�,� 

�a�n�d� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �i�m�p�a�c�t� �o�f� �t�h�e�s�e� �o�p�t�i�o�n�s� �o�n� �e�x�i�s�t�i�n�g� �w�a�t�e�r� �r�a�t�e�s�.� 

�T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �w�a�t�e�r� �e�x�t�e�n�s�i�o�n� �e�x�a�m�p�l�e� �o�f� �3�2�7� �c�o�n�n�e�c�t�i�o�n�s� �t�o� �t�h�e� �T�o�w�n� �o�f� 

�W�i�s�e� �i�l�l�u�s�t�r�a�t�e�d� �t�h�e� �c�a�p�a�b�i�l�i�t�y� �o�f� �t�h�e� �s�p�r�e�a�d�s�h�e�e�t�s� �t�o� �c�a�l�c�u�l�a�t�e� �c�a�p�i�t�a�l� �a�n�d� �o�p�e�r�a�t�i�o�n� �c�o�s�t�s� 

�o�f� �w�a�t�e�r� �p�r�o�j�e�c�t�s�.� �A�l�t�h�o�u�g�h� �o�n�l�y� �o�n�e� �e�x�a�m�p�l�e� �w�a�s� �g�e�n�e�r�a�t�e�d�,� �t�h�e� �w�a�t�e�r� �r�a�t�e� �i�m�p�a�c�t� 

�a�s�s�e�s�s�m�e�n�t� �c�o�n�v�e�y�e�d� �t�h�a�t� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �f�i�n�a�n�c�i�n�g�,� �b�y� �i�t�s�e�l�f�,� �m�a�y� �r�e�n�d�e�r� �a� �w�a�t�e�r� �p�r�o�j�e�c�t� 

�u�n�a�f�f�o�r�d�a�b�l�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �a� �p�r�o�j�e�c�t� �t�h�a�t� �i�s� �s�o�l�e�l�y� �f�i�n�a�n�c�e�d� �b�y� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �l�o�a�n�s� �o�r� 

�b�o�n�d�s� �y�i�e�l�d�s� �h�i�g�h�e�r� �i�n�c�r�e�a�s�e�s� �i�n� �w�a�t�e�r� �r�a�t�e�s� �f�o�r� �c�u�r�r�e�n�t� �c�u�s�t�o�m�e�r�s� �t�h�a�n� �o�n�e� �f�i�n�a�n�c�e�d� �p�a�r�t�l�y� 

�b�y� �n�e�w� �c�u�s�t�o�m�e�r� �a�s�s�e�s�s�m�e�n�t�s� �a�n�d� �f�u�n�d�e�d� �b�y� �g�r�a�n�t�s�.� �I�n� �e�f�f�e�c�t�,� �a�s� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� 

�t�o�t�a�l�]� �c�o�s�t� �o�f� �t�h�e� �p�r�o�j�e�c�t� �f�u�n�d�e�d� �b�y� �g�r�a�n�t�s� �i�n�c�r�e�a�s�e�s�,� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �c�u�r�r�e�n�t� �w�a�t�e�r� �r�a�t�e�s� 

�s�e�e�m�s� �t�o� �d�e�c�r�e�a�s�e�.� �T�h�e� �f�i�n�d�i�n�g�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �w�a�t�e�r� �s�u�p�p�l�y� �d�e�v�e�l�o�p�m�e�n�t�,� �s�u�p�p�o�r�t�e�d� 

�s�o�l�e�l�y� �b�y� �r�a�t�e�-�s�u�p�p�o�r�t�e�d� �f�i�n�a�n�c�i�n�g�,� �m�a�y� �y�i�e�l�d� �h�i�g�h�e�r� �i�n�c�r�e�a�s�e�s� �i�n� �c�u�r�r�e�n�t� �w�a�t�e�r� �r�a�t�e�s�.� �I�n� 

�e�f�f�e�c�t�,� �w�i�t�h�o�u�t� �t�h�e� �a�i�d� �o�f� �o�t�h�e�r� �s�o�u�r�c�e�s� �o�f� �f�i�n�a�n�c�i�n�g� �a�n�d� �f�u�n�d�i�n�g�,� �s�u�c�h� �a�s� �g�r�a�n�t�s�,� �a� �w�a�t�e�r� 

�p�r�o�j�e�c�t� �c�a�n� �b�e� �f�i�n�a�n�c�i�a�l�l�y� �i�n�f�e�a�s�i�b�l�e�,� �a�n�d� �t�h�u�s�,� �p�o�l�i�t�i�c�a�l�l�y� �u�n�p�o�p�u�l�a�r�.� 

�O�v�e�r�a�l�l�,� �t�h�e� �t�h�r�e�e� �m�a�i�n� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �m�a�j�o�r� �p�a�p�e�r� �s�e�r�v�e� �a�s� �r�e�f�e�r�e�n�c�e�s� �f�o�r� 

�a�s�s�e�s�s�i�n�g� �a�n�d� �s�e�l�e�c�t�i�n�g� �a�p�p�r�o�p�r�i�a�t�e� �o�p�t�i�o�n�s� �f�o�r� �w�a�t�e�r� �s�u�p�p�l�y� �d�e�v�e�l�o�p�m�e�n�t� �i�n� �s�m�a�l�l� �w�a�t�e�r� 
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�s�y�s�t�e�m�s�.� �C�h�a�p�t�e�r� �I�I� �c�a�n� �b�e� �u�s�e�d� �t�o� �i�d�e�n�t�i�f�y� �q�u�a�n�t�i�t�y�,� �q�u�a�l�i�t�y�,� �a�n�d� �o�p�e�r�a�t�i�o�n�a�l� �l�i�m�i�t�a�t�i�o�n�s� 

�o�f� �w�a�t�e�r� �s�e�r�v�i�c�e�.� �C�h�a�p�t�e�r� �I�I�I� �p�r�o�v�i�d�e�s� �a� �b�a�s�i�c� �f�o�u�n�d�a�t�i�o�n� �o�f� �t�e�c�h�n�o�l�o�g�i�c�a�l� �o�p�t�i�o�n�s� �f�o�r� 

�a�d�d�r�e�s�s�i�n�g� �i�d�e�n�t�i�f�i�e�d� �p�r�o�b�l�e�m�s�.� �C�h�a�p�t�e�r� �I�V� �e�n�h�a�n�c�e�s� �t�h�e� �a�s�s�e�s�s�m�e�n�t� �o�f� �f�i�n�a�n�c�i�n�g� 

�f�e�a�s�i�b�i�l�i�t�y� �o�f� �w�a�t�e�r� �d�e�v�e�l�o�p�m�e�n�t� �i�n� �t�e�r�m�s� �o�f� �i�m�p�a�c�t�s� �o�n� �w�a�t�e�r� �r�a�t�e�s�.� �I�n� �e�f�f�e�c�t�,� �t�h�e� 

�f�i�n�d�i�n�g�s� �f�r�o�m� �t�h�i�s� �r�e�s�e�a�r�c�h� �p�r�o�v�i�d�e� �a�n� �a�s�s�e�s�s�m�e�n�t� �o�f� �w�a�t�e�r� �s�e�r�v�i�c�e� �a�n�d� �s�u�p�p�l�y� �o�p�t�i�o�n�s� 

�t�h�a�t� �c�o�u�l�d� �e�n�h�a�n�c�e� �t�h�e� �o�p�p�o�r�t�u�n�i�t�y� �f�o�r� �c�o�m�m�u�n�i�t�i�e�s� �t�o� �a�c�h�i�e�v�e� �e�f�f�e�c�t�i�v�e� �a�n�d� �e�f�f�i�c�i�e�n�t� 

�w�a�t�e�r� �s�e�r�v�i�c�e� �d�e�v�e�l�o�p�m�e�n�t�.� 
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�C�h�a�p�t�e�r� �V�I�.� �L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 

�A�n�d�e�r�s�o�n� �a�n�d� �A�s�s�o�c�i�a�t�e�s�.� �1�9�9�4�.� �P�r�e�l�i�m�i�n�a�r�y� �E�n�g�i�n�e�e�r�i�n�g� �R�e�p�o�r�t�:� �R�o�u�t�e� �2�3� �W�a�t�e�r� �L�i�n�e� 
�E�x�t�e�n�s�i�o�n�,� �T�o�w�n� �o�f� �D�u�f�f�i�e�l�d�,� �V�i�r�g�i�n�i�a�.� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�:� �A�n�d�e�r�s�o�n� �&� 
�A�s�s�o�c�i�a�t�e�s�,� �I�n�c�.� 

�T�h�e� �B�i�g� �S�a�n�d�y� �W�a�t�e�r� �S�u�p�p�l�y� �P�l�a�n�.� �1�9�8�8�.� �R�i�c�h�m�o�n�d�,� �V�i�r�g�i�n�i�a�:� �V�i�r�g�i�n�i�a� �S�t�a�t�e� �W�a�t�e�r� 
�C�o�n�t�r�o�l� �B�o�a�r�d�.� 

�B�r�d�y�s�,� �M�.�A�.� �a�n�d� �B�.� �U�l�a�n�i�c�k�i�.� �1�9�9�4�.� �O�p�e�r�a�t�i�o�n�a�l� �C�o�n�t�r�o�l� �o�f� �W�a�t�e�r� �S�y�s�t�e�m�s�.� �N�e�w� �Y�o�r�k�,� 
�N�e�w� �Y�o�r�k�:� �P�r�e�n�t�i�c�e� �H�a�l�l� �I�n�t�e�r�n�a�t�i�o�n�a�l� �L�t�d�.� 

�E�P�A ��s� �C�e�n�t�e�r� �o�f� �E�n�v�i�r�o�n�m�e�n�t�a�l� �R�e�s�e�a�r�c�h� �I�n�f�o�r�m�a�t�i�o�n�.� �1�9�9�0�.� �E�n�v�i�r�o�n�m�e�n�t�a�l� �P�o�l�l�u�t�i�o�n� 
�C�o�n�t�r�o�l� �A�l�t�e�r�n�a�t�i�v�e�s�:� �D�r�i�n�k�i�n�g� �W�a�t�e�r� �T�r�e�a�t�m�e�n�t� �f�o�r� �S�m�a�l�l� �C�o�m�m�u�n�i�t�i�e�s�.� 
�C�i�n�c�i�n�n�a�t�i�,� �O�h�i�o�:� �E�P�A�/�6�2�5�/�5�-�9�0�/�0�2�5�.� 
� � 

�E�P�A ��s� �O�f�f�i�c�e� �o�f� �D�r�i�n�k�i�n�g� �W�a�t�e�r�.� �1�9�8�2�.� �M�a�n�u�a�l� �o�f� �I�n�d�i�v�i�d�u�a�l� �W�a�t�e�r� �S�u�p�p�l�y� �S�y�s�t�e�m�s�.� 
�W�a�s�h�i�n�g�t�o�n� �D�.�C�.�:� �E�P�A�-�5�7�0�/�9�-�8�2�-�0�0�4�.� 

�L�o�w�e�r� �J�a�m�e�s� �R�i�v�e�r� �A�s�s�o�c�i�a�t�i�o�n�.� �1�9�9�1�.� �T�h�e� �L�o�w�e�r� �J�a�m�e�s� �R�i�v�e�r� �W�a�t�e�r�s�h�e�d�:� �S�t�r�a�t�e�g�i�e�s� 
�o�f� �R�e�s�o�u�r�c�e� �P�r�o�t�e�c�t�i�o�n� �a�n�d� �S�u�s�t�a�i�n�a�b�l�e� �D�e�v�e�l�o�p�m�e�n�t�.� �R�i�c�h�m�o�n�d�,� �V�A�:� �L�o�w�e�r� 
�J�a�m�e�s� �R�i�v�e�r� �A�s�s�o�c�i�a�t�i�o�n�.� 

�R�o�s�s�,� �B�.� �B�.�,� �D�.� �L�.� �W�e�i�g�m�a�n�n�,� �K�.� �R�.� �P�a�r�r�o�t�t�,� �a�n�d� �J�.� �S�.� �R�o�c�k�e�t�t�.� �1�9�9�5�.� �V�i�r�g�i�n�i�a� �C�o�a�l� 
�C�o�u�n�t�i�e�s�:� �R�e�g�i�o�n�a�l� �H�o�u�s�e�h�o�l�d� �W�a�t�e�r� �Q�u�a�l�i�t�y� �T�e�s�t�i�n�g� �a�n�d� �I�n�f�o�r�m�a�t�i�o�n� �P�r�o�g�r�a�m�.� 
�P�o�w�e�l�l� �R�i�v�e�r� �P�r�o�j�e�c�t� �S�y�m�p�o�s�i�u�m� �a�n�d� �P�r�o�g�r�e�s�s� �R�e�p�o�r�t�s�.� 

�R�o�t�h�,� �R�i�c�h�a�r�d�,� �J�o�h�n� �R�a�n�d�o�l�p�h�,� �a�n�d� �C�a�r�l� �Z�i�p�p�e�r�.� �1�9�9�0�.� �H�i�g�h�-�E�x�t�r�a�c�t�i�o�n� �M�i�n�i�n�g�,� 
�S�u�b�s�i�d�e�n�c�e�,� �a�n�d� �V�i�r�g�i�n�i�a ��s� �W�a�t�e�r� �R�e�s�o�u�r�c�e�s�.� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�:� �V�i�r�g�i�n�i�a� 
�C�e�n�t�e�r� �f�o�r� �C�o�a�l� �&� �E�n�e�r�g�y� �R�e�s�e�a�r�c�h�.� 

�S�h�i�n�n�,� �P�a�u�l� �a�n�d� �J�o�h�n� �R�a�n�d�o�l�p�h�.� �1�9�8�9�.� �C�o�s�t�i�n�g� �a�n�d� �R�a�t�e�-�S�e�t�t�i�n�g� �W�o�r�k�b�o�o�k� �f�o�r� �W�a�t�e�r� 
�a�n�d� �S�e�w�e�r� �U�t�i�l�i�t�i�e�s�,� �V�o�l�u�m�e�s� �1� �&� �2�.� �B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�:� �T�h�e� �V�i�r�g�i�n�i�a� �W�a�t�e�r� 
�R�e�s�o�u�r�c�e�s� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�.� 
� � 

�T�h�e� �T�e�n�n�e�s�s�e�e� �B�a�s�i�n� �W�a�t�e�r� �S�u�p�p�l�y� �P�l�a�n�,� �P�l�a�n�n�i�n�g� �B�u�l�l�e�t�i�n� �3�4�1�.� �1�9�8�8�.� �R�i�c�h�m�o�n�d�,� 
�V�i�r�g�i�n�i�a�:� �V�i�r�g�i�n�i�a� �S�t�a�t�e� �W�a�t�e�r� �C�o�n�t�r�o�l� �B�o�a�r�d�.� 

�T�h�e� �U�n�i�t�e�d� �N�a�t�i�o�n�s� �E�n�v�i�r�o�n�m�e�n�t� �P�r�o�g�r�a�m�m�e�.� �1�9�8�3�.� �R�a�i�n� �a�n�d� �S�t�o�r�m�w�a�t�e�r� �H�a�r�v�e�s�t�i�n�g� �i�n� 
�R�u�r�a�l� �A�r�e�a�s�.� �D�u�b�l�i�n�,� �I�r�e�l�a�n�d�:� �T�y�c�o�o�l�y� �I�n�t�e�r�n�a�t�i�o�n�a�l� �P�u�b�l�i�s�h�i�n�g� �L�i�m�i�t�e�d�.� 

�U�.�S�.� �G�e�o�l�o�g�i�c�a�l� �S�u�r�v�e�y�.� �1�9�9�5�.� �W�a�t�e�r�-�U�s�e� �H�o�m�e� �P�a�g�e�.� 

�7�4



�W�e�i�g�m�a�n�n�,� �D�i�a�n�a� �L�.� �a�n�d� �C�a�r�o�l�y�n� �J�.� �K�r�o�e�h�l�e�r�.� �1�9�8�8�.� �T�h�r�e�a�t�s� �t�o� �V�i�r�g�i�n�i�a ��s� �G�r�o�u�n�d�w�a�t�e�r�.� 
�B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�:� �T�h�e� �V�i�r�g�i�n�i�a� �W�a�t�e�r� �R�e�s�o�u�r�c�e�s� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�.� 

�W�e�i�g�m�a�n�n�,� �D�i�a�n�a� �L�.�,� �L�o�u�i�s� �A�.� �H�e�l�f�r�i�c�h�,� �M�a�r�k� �T�.� �F�e�r�g�u�s�o�n�,� �a�n�d� �R�e�n�e�e� �M�.� �S�p�e�e�n�b�u�r�g�h�.� 
�1�9�9�3�.� �S�p�r�i�n�g�s� �o�f� �V�i�r�g�i�n�i�a�:� �A� �G�u�i�d�e� �t�o� �S�p�r�i�n�g� �M�a�n�a�g�e�m�e�n�t� �a�n�d� �P�r�o�t�e�c�t�i�o�n�.� 
�B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�:� �T�h�e� �V�i�r�g�i�n�i�a� �W�a�t�e�r� �R�e�s�o�u�r�c�e�s� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�.� 

�7�5



�A�P�P�E�N�D�I�X� �A� 

�[�|� 

�|� 

�L�I� 
�L�d� 

� � 

�L�I� 

�|� 

�L�J� 

�L�I� 

� � 

�
O

�
o

�
o

�
 

�P�e�r�c�e�n�t� �H�o�u�s�i�n�g� �U�n�i�t�s� �S�e�r�v�e�d� �b�y� �C�o�m�m�u�n�i�t�y� �W�a�t�c�r� �S�y�s�t�e�m�,� �1�9�7�0� 

�<�=� �2�0�.�0�%� �C�o�a�l�f�i�e�l�d� �R�e�g�i�o�n� �o�f� �S�o�u�t�h�w�e�s�t� �V�i�r�g�i�n�i�a�*� 

�2�0�.�0�%� �t�o� �3�0�.�0�%� � � � 

� � � 
� � � � � � 

� � � � � � � � 

� � � � 

� � � 
� � � � � � 

� � � � � � � 

� � 

� � 

� � � 
� � � � � 

� � � � 

� � � � � 

�3�0�.�0�%� �t�o� �4�0�.�0�%� 

�B�u�c�h�a�n�a�n� 
�9�9� 

�4�0�.�0�%� �t�o� �5�0�.�0�%� 

�D�i�c�k�e�n�s�o�n� 

�>�=� �5�0�.�0�%� 

� � 

�P�e�r�c�e�n�t� �H�o�u�s�i�n�g� �U�n�i�t�s� �S�e�r�v�e�d� �b�y� �C�o�m�m�u�n�i�t�y� �W�a�t�e�r� �S�y�s�t�e�m�,� �1�9�8�0� 
�<�=� �2�0�.�0�%� 

�2�0�.�0�%� �t�o� �3�0�.�0�%� 

�3�0�.�0�%� �t�o� �4�0�.�0�%� 

�B�u�c�h�a�n�a�n� 
�1�9� 

�4�0�.�0�%� �t�o� �5�0�.�0�%� 

�D�i�c�k�e�n�s�o�n� 
�3�6�.�3� 

�>�=� �5�0�.�0�%� 

� � 

�P�e�r�c�e�n�t� �H�o�u�s�i�n�g� �U�n�i�t�s� �S�e�r�v�e�d� �b�y� �C�o�m�m�u�n�i�t�y� �W�a�t�e�r� �S�y�s�t�e�m�,� �1�9�9�0� 
�<�=� �2�0�.�0�%� 

�2�0�.�0�%� �t�o� �3�0�.�0�%� 

�3�0�.�0�%� �t�o� �4�0�.�0�%� 

�B�u�c�h�a�n�a�n� 
�2�2�.�5� 

� � � � 

�4�0�.�0�%� �t�o� �5�0�.�0�%� �m�e�,� 

�_� �D�i�c�k�e�n�s�o�n� 
�a�N� �a� �d�b� 

�=� �5�0�.�0�%� 

� � 

�F�i�g�u�r�e� �A�.�J�:� �C�o�m�m�u�n�i�t�y� �W�a�t�e�r� �S�y�s�t�e�m� �S�e�r�v�i�c�e� 

�7�6



�P�e�r�c�e�n�t� �H�o�u�s�i�n�g� �U�n�i�t�s� �W�i�t�h� �I�n�d�i�v�i�d�u�a�l� �W�e�l�l�s�,� �1�9�7�0� 

�C�o�a�l�f�i�c�l�d� �R�e�g�i�o�n� �o�f� �S�o�u�t�h�w�e�s�t� �V�i�r�g�i�n�i�a�*� 
�<�=� �2�0�.�0�%� 

�2�0�.�0�%� �t�o� �3�0�.�0�%� 

� � � � 

� � � � � � 

� � � 

� � � � 

� � 

� � � 

� � � � � 
� � � 

� � � � � � 
� � � � 

�3�0�.�0�%� �t�o� �4�0�.�0�%� 

�4�0�.�0�%� �t�o� �5�0�.�0�%� 

�>�=� �5�0�.�0�%� �O
�O

�o
�O

�U
�U

� 

� � 

�P�e�r�c�e�n�t� �H�o�u�s�i�n�g� �U�n�i�t�s� �W�i�t�h� �I�n�d�i�v�i�d�u�a�l� �D�r�i�l�l�e�d� �W�e�l�l�s�,� �1�9�8�0� 
�=� �2�0�.�0�%� 

�2�0�.�0�%� �t�o� �3�0�.�0�%� 

�3�0�.�0�%� �t�o� �4�0�.�0�%� 

�4�0�.�0�%� �t�o� �5�0�.�0�%� 

�[�|� 

�[�]� 

�L�I� 

�L�J� 
�>�=� �5�0�.�0�%� 

� � 

� � 

�<�=� �2�0�.�0�%� �P�e�r�c�e�n�t� �H�o�u�s�i�n�g� �U�n�i�t�s� �W�i�t�h� �I�n�d�i�v�i�d�u�a�l� �D�r�i�l�l�e�d� �W�e�l�l�s�,� �1�9�9�0� 

�2�0�.�0�%� �t�o� �3�0�.�0�%� 

�3�0�.�0�%� �t�o� �4�0�.�0�%� 

�4�0�.�0�%� �t�o� �5�0�.�0�%� 
�D�i�c�k�e�n�s�o�n� 

�6�.�4� 
�>�=� �5�0�.�0�%� �

M
�
O

�
U

�
 

�i�S� �N�O�R�T�O�N� 

� � 

�F�i�g�u�r�e� �A�.�2�:� �I�n�d�i�v�i�d�u�a�l� �D�r�i�l�l�e�d� �W�e�l�l� �U�s�a�g�e� 

�7�7



� � 

�M
�o

�o
�o

�g
� 

�P�e�r�c�e�n�t� �H�o�u�s�i�n�g� �U�n�i�t�s� �W�i�t�h� �I�n�d�i�v�i�d�u�a�l� �D�u�g� �W�e�l�l�s�,� �1�9�8�0� 

�<�=� �2�0�.�0�%� �C�o�a�l�f�i�c�l�d� �R�e�g�i�o�n� �o�f� �S�o�u�t�h�w�e�s�t� �V�i�r�g�i�n�i�a�*� 

�2�0�.�0�%� �t�o� �3�0�.�0�%� 

� � � � 

� � � 

� � 

� � � � � � 

� � � � � � � � 
� � � 

� � � 

�3�0�.�0�%� �t�o� �4�0�.�0�%� 

�B�u�c�h�a�n�a�n� 
�8�.�1� 

�4�0�.�0�%� �t�o� �5�0�.�0�%� 

�D�i�c�k�e�n�s�o�n� 
�4�.�9� 

�>�=� �5�0�.�0�%� 

� � � 
� � � � 

�0�.�0� 
�N�O�R�T�O�N� 

� � 

�P�e�r�c�e�n�t� �H�o�u�s�i�n�g� �U�n�i�t�s� �W�i�t�h� �I�n�d�i�v�i�d�u�a�l� �D�u�g� �W�e�l�l�s�,� �1�9�9�0� 
�<�=� �2�0�.�0�%� 

�2�0�.�0�%� �t�o� �3�0�.�0�%� 

� � � � 
� � � 

� � � � � � � 
�3�0�.�0�%� �t�o� �4�0�.�0�%� 

�4�0�.�0�%� �t�o� �5�0�.�0�%� 

�D�i�c�k�e�n�s�o�n� 
�3�.�3� 

�>�=� �5�0�.�0�%� 

� � 

�F�i�g�u�r�e� �A�.�3�:� �I�n�d�i�v�i�d�u�a�l� �D�u�g� �W�e�l�l� �U�s�a�g�e� 

�7�8


