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and bathroom sinks. The average greywater production from the bathroom sink is 3 gpd 

(11.4 lpd) as discussed later in Section 3.1.  

 
Adapted from: (Mayer et al. 1999) 

Figure 2.2 Breakdown of Greywater Production in the United States. 

The value for the faucet includes both the kitchen and bathroom faucets. 

   

2.5.5 Greywater Uses 

Many uses exist for greywater, but they are heavily dependent on the quality of 

greywater and the amount of treatment it has received. Essentially, greywater can be used 

for any purpose as long as it is treated to meet the appropriate standards (Li et al. 2009). 

Two common uses for greywater are toilet flushing and garden watering (Christova-Boal 

et al. 1996). Other uses are laundry, window, and vehicle washing, fire protection, boiler 

feed water, and concrete production (Eriksson et al. 2003). Untreated greywater can be 

used for subsurface irrigation (Zhang et al. 2010; Christova-Boal et al. 1996; Ludwig 

2009). 

2.5.6 Health Concerns Associated with Greywater Use 

The impact of greywater on human health depends on the pathogen source and the 

exposure routes (Ottoson and Stenstrom 2003). Health concerns associated with 

greywater reuse include the possibility of spreading diseases because of microorganisms 
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in the water. Possible transmission pathways include direct contact with greywater, and 

irrigation (Ottoson and Stenstrom 2003). For example, if the water is used for toilet 

flushing, it is possible that contaminants in the water can become aerosols (Ludwig 2009; 

Eriksson et al. 2002).  

Most of the health concerns associated wither greywater can be avoided by using 

proper precautions. The first is to design the greywater system so no human-to-greywater 

contact occurs. The greywater should also percolate through topsoil for natural 

purification to occur. Washing hands after contact with greywater or wearing gloves 

when cleaning greywater filters helps to protect from ingesting any microorganisms that 

might be present. Likewise, untreated greywater should not be applied directly to lawns, 

or vegetables and fruits that are eaten raw (Ludwig 2009). No cases of greywater-

transmitted illness have been documented in the United States, and taking precautions 

such as the ones listed above will help to avoid any potential illnesses occurring from 

greywater (Ludwig 2009; Sheikh 2010). 

2.6 Rainwater Systems 

Rainwater harvesting is not a new concept. It has been utilized in dry climates for 

thousands of years. Rainwater is a free water source with only treatment and storage 

costs. Harvesting of rainwater augments groundwater supplies by reducing the quantity of 

water withdrawn, and reduces stormwater runoff. In urban areas, rainwater harvesting 

reduces non-point pollution and erosion. Water collected from rainwater harvesting can 

be used for non-potable indoor uses. With proper treatment, the water can also be used 

for potable purposes. Rainwater harvesting is also generally more economical than 

expanding the public water supply (Aladenola and Adeboye 2010; Texas Water 
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Development Board 2005). Combining widespread rainwater harvesting with other 

technologies has the potential to reduce greenhouse gas emissions by reducing the size of 

water storage reservoirs and reducing the quantity of water that needs to be treated 

(Aladenola and Adeboye 2010). 

2.6.1 Collection of Rainwater 

Rainwater can be harvested from any surface. The most common system is roof -

based collection. The amount of water that can be collected is dependent on the area of 

the roof, amount of rainfall, and storage capacity (Aladenola and Adeboye 2010; Texas 

Water Development Board 2005). Rainwater from residential roofs is considered safe for 

most residential uses (Zhang et al. 2010). Specific uses are listed in Section 2.6.4. An 

Australian study reported a savings of 12.3% to 25.1% in potable water use when 

harvested rainwater was used for toilet flushing and lawn irrigation. Residential use of 

rainwater in this study decreased the stromwater runoff by 23.4% to 48.1% (Zhang et al. 

2010). 

2.6.2 Rainwater Quality 

The quality of rainwater is impacted by the age and cleanliness of the catchments, 

gutters, pipes, and storage tanks as well as the atmospheric conditions. Maintenance of 

the rainwater harvesting system before storms greatly improves the water quality (Lee et 

al. 2010). A summary of typical rainwater quality parameters is listed in Table 2.6. 
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Table 2.6 Rainwater Quality 

 
(Appan 1999) (Lee et al. 2010) 

Parameter Rainwater1 Harvested Rainwater2 Rainwater2 

pH 4.1 (0.4) 7.3 (6.7-7.8) 5.3 (4.3-6) 

Colour 8.7 (9.9) 
 

 

Turbidity (NTU) 4.6 (5.7) 
 

 

TSS (mg/L) 9.1 (8.9) 
 

 

TDS (mg/L) 19.5 (12.5) 88 (40-230) 7.6 (3.4-52.1) 

Hardness as CaCO3 (mg/L) 0.1 (0.3) 
 

 

PO4 as P (mg/L) 0.1 (0.6) 
 

 

Total coliform (MPN/100mL) 92.0 (97.1) 70 CFU/100 mL ND3 

Faecal coliform (MPN/100mL) 6.7 (8.9) 
 

 

Conductivity (μS/cm) 
 

170 (50-340) 30 (50-340) 

Nitrate (mg/L) 
 

6.8 (2.9-9.8) 2.2 (0.6-4.2) 

NH4+ (mg/L)  
0.09 (0.06-0.39) 0.02 (0.0-0.05) 

Phosphate 
 

0.02 (0-0.04) ND 

Chloride (mg/L) 
 

7.5 (5-18) 3.0 (1.1-10) 

Calcium (mg/L) 
 

6.4 (3.24-15.4) 1.6 (0.17-3.82) 

Magnesium (mg/L) 
 

1.2 (00.5-2.7) 0.22 (0.04-0.62) 

Sodium (mg/L) 
 

3.2 (2.2-6.1) 1.1 (0.24-4) 

Potassium (mg/L) 
 

3.1 (1.3-5.9) 2.1 (0.16-6.5) 

Sulfates (mg/L) 
 

4.1 (2-7.2) 2.4 (1-6.2) 

Mn (μg/L) 
 

115 (70-170) 40 (20-80) 

Pb (μg/L) 
 

27 (10-40) 20 (10-40) 

Cu (μg/L) 
 

85 (70-120) 35 (20-80) 

Cr (μg/L) 
 

4.5 (0-10) 1 (0-5) 

Cd (μg/L) 
 

1.5 (0-4) ND 

As (μg/L) 
 

3 (0-6) ND 

Zn (μg/L) 
 

160 (120-280) 60 (40-90) 

Al (μg/L) 
 

225 (100-400) 100 (50-240) 

E. coli (CFU/100mL) 
 

10 (0-60) ND 

  1 Values are means, values in parentheses are standard deviations 

  2 Values are medians, values in parentheses are ranges 

  3 No dectection 

  

 Treatment for rainwater is dependent on local guidelines. The City and County of 

San Francisco, CA allows for toilet flushing with untreated rainwater. In Portland, OR, 

rainwater must be filtered before using for non-potable indoor uses. Texas requires both 
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harvesting is that a rainfall of 1 inch (25.4 mm) on a 1000 square foot (92.9 square 

meters) house results in 600 gallons (2271 liters) of water being collected (Kloss 2008).  

2.6.4 Rainwater Use 

Research has established that water collected from roofs is of acceptable quality 

to be used for toilet flushing, and outdoor uses (Coombes and Barry 2007). Potable use 

from rainwater is possible but on-site treatment is needed. Rainwater is best used for non-

potable purposes such as irrigation, toilet flushing, and HVAC make-up water (Texas 

Water Development Board 2005; Kloss 2008). 

2.6.5 Health Concerns Associated with Rainwater Use 

The health concerns associated with rainwater risk are quite low as long as proper 

treatment methods are used. The use of filter systems before rainwater enters the cistern 

helps to eliminate debris and dust from entering the cistern and is suitable for non-potable 

use. If the harvested rainwater is used for potable water, the water must be treated to 

eliminate sediment and disease-causing pathogens. Typical treatment consists of filtration 

and disinfection (Texas Water Development Board 2005) . 

2.7 Reclaimed Water 

According to the National Standard Plumbing Code (2006), the definition of 

reclaimed water is “effluent from a wastewater treatment facility that has been subjected 

to extensive treatment in order to remove organic material, heavy metals, and harmful 

pathogens (such as bacteria, viruses, and protozoa). Reclaimed water is non-potable.” 

The use of reclaimed water is an innovative alternative water source for industry, 

agriculture, and municipalities. Utilizing the treated wastewater to augment the current 

water supply is becoming more economical because of the high treatment standards. This 

is especially true when comparing the cost of using reclaimed water to developing new 
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water resources, which is both expensive and environmentally destructive (Lu and Leung 

2003).  

Reclaimed water can also be used for potable purposes. Indirect potable use occurs 

when the reclaimed water is discharged to a water supply source (e.g. groundwater 

aquifer or water supply reservoir). Direct potable use occurs when the reclaimed water 

directly enters the water distribution network. Indirect potable use is more widely 

accepted than direct potable use. (Asano 2007; Novotny et al. 2010; Daigger 2009). 

Implementation of reclaimed water use is becoming more widespread in areas 

where evapotranspiration is high, rainfall is low, and irrigation water use is intense. The 

growing population in the arid southwest portion of the United States is increasing the 

strain on the current water supply. Therefore, water reuse is being used as a way to ease 

this strain. Other benefits include preservation of high-quality water for potable use, 

improved quality of surface water, and additional recreational opportunities (Viessman 

and Hammer 1998; Okun 1997). 

2.7.1 Reclaimed Water Quality 

Water can be treated to nearly any level of purity with the water treatment 

technologies currently available. However, there will always be some residual 

contaminants in the water (Harremoes 2000). The quality of reclaimed water depends on 

its intended use. Water that is to be used in places with unrestricted public access must be 

treated to the highest levels (USEPA 2004).  

After undergoing secondary treatment, the common pollutants that typically need 

to be removed from municipal wastewater include, nitrates, phosphates, microorganisms, 
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Table 2.8 State Guidelines for Unrestricted Reclaimed Water Use 
Parameter Arizona California Florida Hawaii Nevada Texas Washington 

Treatment 

Secondary 

treatment, 

filtration 

and 

disinfection 

Oxidized 

coagulated, 

filtered, 

and 

disinfected 

Secondary 

treatment, 

filtration, and 

high-level 

disinfection 

Oxidized, 

filtered, 

and 

disinfected 

Secondary 

treatment 

and 

disinfection 

NS* 

Oxidized, 

coagulated, 

filtered, and 

disinfected 

BOD5 NS NS 
20 mg/l 

CBOD5 
NS 30 mg/l 5 mg/l 30 mg/l 

TSS NS NS 5.0 mg/l NS NS NS 30 mg/l 

Turbidity 

2 NTU 

(Avg) 

2 NTU 

(Avg) 
NS 

2 NTU 

(Max) 
NS 3 NTU 

2 NTU 

(Avg) 

5 NTU 

(Max) 

5 NTU 

(Max) 

5 NTU 

(Max) 

Coliform 

Fecal Total Fecal Fecal Fecal Fecal Total 

Non 

detectable 

(Avg) 

2.2/100 ml 

(Avg) 

75% of 

samples 

below 

detection 

2.2/100 ml 

(Avg) 

2.2/100 ml 

(Avg) 

20/100 

ml 

(Avg) 

2.2/100 ml 

(Avg) 

23/100 ml 

(Max) 

23/100 ml 

(Max in 30 

days) 

25/100 ml 

(Max) 

23/100 ml 

(Max in 30 

days) 

23/100 ml 

(Max) 

75/100 

ml 

(Max) 

23/100 ml 

(Max) 

*NS- Not specified by state regulations 

From: (USEPA 2004) 

2.7.2 Reclaimed Water Quantities 

In 1996, California had a wastewater reclamation capacity of 114 billion gallons 

(432 x 10
6
 m

3
) per year. Approximately 60% of the water was used for agriculture while 

an additional 16% was used for landscape irrigation. Groundwater recharge accounted for 

14% of total reclaimed water use (Lu and Leung 2003). At the end of 2001, California’s 

reclaimed water use had grown to over 171 billion gallons (648 x 10
6
 m

3
) per year. In 

2004, Florida had a reclaimed water reuse quantity of 220 billion (834 x 10
6
 m

3
) per year. 

Approximately 45% was used for landscape irrigation, and around 15% each was used 

for agricultural irrigation, industrial use, and groundwater recharge (Asano 2007). The 

quantity of reclaimed water depends on the demand and capacity of the wastewater 

treatment plants producing the reclaimed water and the amount of wastewater generated 

(AWWA 2009). 
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2.7.3 Reclaimed Water Uses 

Reclaimed water can be used for any purpose as long as it meets the treatment 

requirements for the use. Common uses are both landscape and agricultural irrigation. 

Other reuse options include industrial reuse such as cooling water, process water, and 

boiler feed water. In some regions, reclaimed water is used for groundwater recharge to 

replenish depleted aquifers and to prevent salt water intrusion. Reclaimed water can also 

be used for recreational purposes such as filling lakes and ponds, enhancing marshes, 

augmenting streamflow and snowmaking. Non-potable urban uses for reclaimed water 

include fire flow, air conditioning, and toilet flushing. Reclaimed water can also be 

treated to potable water standards and be blended into the water supply system (Asano 

2007; AWWA 2009; Lu and Leung 2003). 

2.7.4 Concerns Associated with Reclaimed Water Use 

The main health concerns are associated with the possible presence of pathogens 

such as enteric bacteria, protozoa, helminths and viruses, in the water (Asano 2007; Lu 

and Leung 2003). Specific pathogens of concern are fecal coliforms, E. coli, Salmonella, 

Giardia, and Cyptosporidium (Novotny et al. 2010). Using reclaimed water for cooling 

water or for fire demand can lead to the aerosol transmission of pathogens if they are 

present in the water (Lu and Leung 2003). As a result, the reuse of reclaimed water could 

lead to an increased risk of waterborne disease (Asano 2007; Fane et al. 2002). However, 

as of 2007, there was no epidemiological evidence showing that reclaimed water had 

caused any disease outbreaks in the United States (Asano 2007).  

Another concern is trace organics in the water and their associated long-term 

health effects (Asano 2007; Lu and Leung 2003). Asano (2007) points out that it is 

impossible to be certain that direct potable use is 100% safe; however, it is important to 
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realize that an equal risk exists with traditional potable water supplies. The health risks 

associated with direct potable reuse are similar to drinking water facilities whose water 

source is influenced by wastewater effluent from other cities upstream (Asano 2007).  

Other concerns associated with reclaimed water use include the effect of water 

quality on soils and crops. Reclaimed water can also contain constituents that cause 

corrosion, scaling, biological growth, and fouling within the distribution system. In 

addition, there is the concern of cross contamination with the potable water system (Lu 

and Leung 2003). 

2.8 Decentralized Water and Wastewater Treatment Plants 

With the aging and need for expansion of current water infrastructure, decentralized 

water systems are being used to augment centralized water services (Moglia et al. 2010). 

Decentralized systems are ones in which the collection, treatment, and reuse of treated 

wastewater occurs at or close to the point of generation (Asano 2007). Similarly, 

switching from centralized treatment systems to decentralized treatment eliminates the 

need to build treatment plants that can meet the long-term capacity for a community; 

instead, decentralized plants can be built to meet the imminent demands. Decentralized 

treatment also reduces the size of distribution and collection systems yielding large 

decreases in capital costs. Switching to smaller treatment plants also minimizes the risk 

associated with treatment because it affects fewer people and a smaller area (Venhuizen 

2008). Decentralized systems have a smaller environmental impact than conventional 

systems and are less resource intensive (Fane et al. 2002). 

One study, in which the authors accounted for the economic value of waterborne 

infections into the life cycle cost per household, found that the optimum number of 
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connections for urban recycling and irrigation is 1,000. Before the cost of infections was 

included, this number was between 2,400 and 24,000 connections. The authors found that 

smaller systems posed a lower risk of waterborne illness when all other parameters were 

equal (Fane et al. 2002). 

2.8.1 Advantages of Decentralized Treatment 

Advantages of decentralized systems include reduced risk of failure, reduced cost 

and resource use, improved service security as well as protecting and rehabilitating the 

natural environment (Moglia et al. 2010). Economy of scale for capital costs and 

operating costs occur for centralized wastewater treatment. However, diseconomy of 

scale occurs in the pipe network for centralized systems. As the size of the network 

increases, the size and diameter of pipe required to serve the network also increase thus 

increasing the cost of the pipe network. At some point, an optimum relationship between 

treatment plant costs and pipe network costs exists. This optimum represents where 

decentralized wastewater treatment may be advantageous (Asano 2007; Fane et al. 2002). 

An additional advantage to decentralized wastewater treatment is the ability to use 

customized treatment processes. The treatment train can be designed to treat the specific 

wastewater received because it is more homogeneous than water treated at centralized 

treatment plants which may be from industrial, commercial, and residential sources 

(Asano 2007; Okun 1997).  

Reliability issues are also less severe with decentralized treatment. Since the plant 

serves a smaller area, fewer people are inconvenienced if a disruption occurs at the plant. 

A disruption at a central wastewater treatment plant can also lead to partially or untreated 

wastewater being discharged. In decentralized plants, the final use of the treated 



29 

 

 

 

wastewater is soil dispersal or irrigation. As a result, a disruption at the plant is unlikely 

to lead to a direct release to surface water (Asano 2007; Venhuizen 2008). 

As mentioned previously, the implementation of decentralized wastewater 

treatment allows for the use of smaller pipe diameters. Reducing the pipe diameter 

expands the types of piping material available for the collection system. Piping material 

such as polyvinyl chloride (PVC) and medium density polyethylene (MPE) can be used. 

The plastic piping material is more flexible and easier to install than the large rigid pipes 

used for centralized systems. The rigid pipes in centralized system can lead to infiltration 

and exfiltration issues as they pass through various soil types and degrade over time. 

Identifying and repairing damaged pipes is also very expensive, especially when they are 

located under roads in urban areas. Plastic piping is less likely to leak, and it is easy to 

install in narrow trenches or using directional drilling. These installation techniques limit 

the disturbance to nearby roads and property (Asano 2007; AWWA 2009).  

2.8.2 Disadvantages of Decentralized Water Treatment 

The primary disadvantages of decentralized systems compared to conventional 

systems are the lack of practice and expertise. Conventional systems have been used for 

more than a century resulting in established protocols and guidelines. Currently, the 

understanding relating to the management and operation of decentralized systems 

requirements is limited. Knowledge of the long-term performance such as long-term 

reliability, operation and maintenance costs, and any interactions with centralized 

systems are not available because decentralized treatment is relatively untried in cities 

when compared centralized treatment (Moglia et al. 2010).  
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In decentralized wastewater systems, the treated wastewater becomes reclaimed 

water and is used for purposes within the community. Reclaimed water may contain trace 

levels of pathogens that can infect individuals and possibly lead to an increase in 

waterborne diseases. However, when the cost of infections was included in an economic 

analysis for decentralized treatment, the general conclusion was that decentralized urban 

reuse systems for wastewater would be more economic than larger and centralized 

wastewater reuse, all other things being equal (Fane et al. 2002). 

2.8.3 Decentralized Treatment Technologies 

The level of treatment and the treatment technologies employed in decentralized 

wastewater facilities is dependent on the use of the effluent. If the effluent is used for 

subsurface irrigation, primary treatment may be sufficient. Secondary treatment such as 

packed bed filters, sequencing batch reactors, rotating biological contactors, membrane 

bioreactors, and constructed wetlands are sufficient to prepare water for some types of 

direct reuse, tertiary treatment, or disinfection. Long solids retention times are utilized to 

decrease the sludge production (Asano 2007; Novotny et al. 2010). 

Nutrient discharge standards are in place for decentralized treatment to limit the 

chance for nitrate groundwater contamination and surface water eutrophication. Meeting 

the nutrient standards for nitrogen and phosphorous can be challenging in on-site 

treatment. However, small cluster systems and other larger systems have the process 

control and chemicals needed to ensure proper nutrient removal occurs. Processes such as 

sodium hypochlorite, ozone, ultraviolet light, and biological filtration are some of the 

processes that can be used for disinfection (Asano 2007).  
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3 Methods 

 In this project, multiple water reuse scenarios are analyzed. The systems modeled 

fit into three main categories: residential homes, apartments, and a small community or 

neighborhood. In each instance, EPANET 2, a hydraulic computer model, is utilized to 

model the system and to give feedback as to the hydraulic feasibility and infrastructure 

requirements of the system. 

3.1 Water Demand and Fixture Utilization 

 The goal of this research is to find alternatives to conventional water systems and 

to promote the sustainable use of water in urban areas. Since 1999, when the Residential 

End Uses of Water (Mayer et al. 1999) was published, Leadership in Energy and 

Environmental Design (LEED) and Energy Star standards are frequently used in the 

design of buildings to reduce their impact on the environment. As a result, the flow rates 

presented in Table 2.5 have been modified to reflect this trend occurring in new 

developments. Updated water demands were developed to reflect the move toward water 

conservation and efficiency. The demands were calculated using the LEED and Energy 

Star standards for fixture flow rate and the utilization rate of each plumbing fixture 

reported in Mayer (1999).  

The faucet use reported in Mayer (1999) includes both kitchen faucet and 

bathroom faucet use. Therefore, this number must be adjusted to reflect only the 

bathroom faucet use. Ludwig (2009) reports values of 1-5 gpcd (3.79-18.9 lpcd) for the 

bathroom sink and 5-15 gpcd (18.9-56.78 lpcd) for the kitchen sink. Selecting an average 

of 3 gpcd (11.36 lpcd) for the bathroom sink and 8 gpcd for the kitchen sink, the 

bathroom sink is approximately 3/11 of total sink use. Therefore, the minutes of faucet 
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Figure 3.8 EPANET 2 Layout for Complex Greywater System with Treatment. 

   

The water from the city supply line is at a higher pressure than the water from the 

treated greywater system. The main reason for this is that high water pressures are not 

required for the fixtures that use reclaimed water. For example, low flush toilets have a 

minimum pressure requirement of 8 psi (55.2 kpa) (Toto 2009). Likewise, the suggested 

pressure range for a washing machine is 20-100 psi (138-690 kpa) (Whirpool 2009). 

Reducing the required pressure for the treated greywater distribution system reduces the 

costs associated with pumping the water. 

One concern with using greywater is the storage time. Storing untreated greywater 

for 24 hours improves water quality because organic particles settle. However, untreated 
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greywater should not be stored for more than 48 hours otherwise the biological activity of 

the water can cause odor and sanitation problems (Dixon et al. 1999). As stated in 

Section 2.7.1, membrane treatment systems completely remove microorganisms, so 

concerns regarding the age and storage of the treated greywater are minimized (Asano 

2007). EPANET 2 has a water age function that enables the time of the water in the 

system to be tracked.  

Figure 3.9 shows the water age for water in each of the three tanks. The age 

reported is the total time the water has been in the system. As a result, this overestimates 

the age of the greywater because the water spends time in the system as potable water. 

Likewise, after treatment, the water age is not restarted as it enters the storage tank. 

Nevertheless, the results show that a typical house will use the water before the 

maximum storage time is reached. 

 
Figure 3.9 Maximum Water Age for the Complex Greywater System with 

Treatment. 

The water age is cumulative starting when it first enters the network. The water age does 

not reset when it enters or exits a storage tank. 
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 The EPANET 2 file for the greywater collection and treatment scenario and 

directions for how to use the program are located in Appendix A.  

Additional Indoor Infrastructure Required 

 Compared to the conventional plumbing system, the additional infrastructure 

required for the greywater collection with treatment scenario is listed below in Table 3.9. 

Table 3.9 Materials List for Greywater Collection and Treatment Scenario. 

Material Amount 

2 in (50.8 mm) Schedule 40 PVC 102 ft (31.09 m) 

2 in (50.8 mm) Schedule 40 PVC 90 degree elbows 7 

2 in (50.8 mm) Schedule 40 PVC tee connections 7 

Membrane Bioreactor Unit 1 

65 gallon (246.1 liter) tank 1 

75 gallon (283.9 liter) tank 1 

Backflow Preventer 1 

½ HP (373 watt) Franklin Electric VersaJet Pump (JVJ05CI) 1 

PEX Manifold, 3, ½ in (12.7 mm) connections 1 

4.4 gallon (16.7 liter) Amtrol pressure tank 1 

½ in (12.7 mm) PEX 127 ft (38.71 m) 

 

Greywater Uses 

 In the complex greywater treatment scenario, treated greywater is used for toilet 

flush water and laundry. The greywater is treated in a membrane bioreactor (MBR). 

MBR treatment completely removes microorganisms so disinfection is not needed.  

Benefits of Greywater Use 

 Treating greywater on a household level leads to a potential water savings of 240 

gallons (908.5 liters) per week. Water savings will be realized both in the potable and 

wastewater systems. The treatment process also provides another use for recycled tires by 

acting as a growing surface for microorganism involved in the pretreatment step. 



51 

 

 

 

 One drawback with the complex greywater system with treatment is the 

maintenance associated with the treatment unit. The system will need to be inspected to 

ensure it is operating correctly and the filter media will need to be cleaned to prevent 

backup of debris. Another drawback is the extra energy required for pumping greywater 

and for aeration during treatment. It is estimated that the additional energy requirements 

are 513.5 kW per year (Gardels 2011). 

3.3.4 Greywater Reuse System with Rainwater Harvesting 

 In the final house scenario, the greywater system is the same as the collection and 

subsurface distribution system used in the simple greywater reuse scenario. In addition, 

rainwater is harvested from the roof and used for toilet flushing and laundry. Rainwater is 

used for toilet flushing and laundry instead of treated greywater because the rainwater has 

higher water quality and does not require treatment. The collected greywater is used for 

subsurface irrigation. This use does not require treatment. Therefore, the maximum 

amount of water reuse is achieved with minimum treatment expense (Zhang et al. 2010; 

Christova-Boal et al. 1996; Coombes and Barry 2007).  The indoor plumbing layout for 

the Greywater Reuse System with Rainwater Harvesting is shown in Figure 3.10. 
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Figure 3.10 Plumbing for Greywater Reuse System with Rainwater Harvesting. 

Rainwater is collected in the underground cistern, which is then pumped into the house 

and distributed to the toilets, and laundry machine through a PEX piping system shown 

by the purple lines. The greywater is collected from the laundry, showers, and bathroom 

sinks, for outdoor subsurface irrigation. 

 To ensure the highest quality of rainwater possible is collected certain measures 

need to be taken. Residential roofs collect debris from trees, animals, and atmospheric 

deposition. All of these pollutants have a negative impact on the water quality of 

collected rainwater. However, the use of covered gutters, filters, and first flush diverters 
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can greatly improve the quality of rainwater collected. The purpose of the gutter covers 

and filter is to ensure that large debris such as leaves do not enter the rainwater cistern. 

The first flush diverter, diverts a predetermined amount of water away from the cistern. 

The first water that runs off from the roof contains the highest concentration of 

contaminants and is called the first flush. After the first flush, the quality of water 

collected is quite high (Lee et al. 2010; Huston et al. 2009; RainHarvest Systems 2010c).  

The amount of water that should be diverted is dependent on the location of the 

house and the pollution load that typically occurs. RainHarvest Systems, a member of the 

U.S. Green Builders Council and American Rainwater Catchment Systems Association, 

recommends diverting 0.0125 gallons (0.047 liters) per square foot (0.09 square meters) 

on a house with minimal pollution and diverting 0.05 gallons (0.19 liters) per square foot 

(0.09 square meters) on a house with substantial pollution. Minimal pollution is defined 

as a roof that is in an open field with no trees, and no bird droppings whereas, substantial 

pollution is considered as a roof with leaves and other debris, bird droppings and other 

animal matter (RainHarvest Systems 2010a). For typical houses in an urban setting, the 

industry standard is to divert 10 gallons (37.85 liters) of rainwater for every 1,000 square 

feet (92.9 square meters) of roof (0.01 gallons per square foot, 0.41 liters per square 

meter) (Texas Water Development Board 2005; RainHarvest Systems 2010c) 

First flush diverters include the diverter chamber and the slow release valve. The 

amount of water that must be diverted determines the corresponding length of pipe 

needed to capture the water. The required length of schedule 40 PVC pipe is connected to 

the diverter chamber on one end and the end cap with the slow release valve on the other 

end. The slow release valve should be at least 6 inches (15.24 cm) above the ground. 
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Longer lengths of pipe increase the amount of water that is diverted and provides a 

corresponding improvement in water quality in the cistern because more pollutants are 

captured. Table 3.10 below lists the storage capacity of 3 (76.2 mm), 4 (101.6 mm), and 

12 inch (304.8) schedule 40 PVC pipe (RainHarvest Systems 2010a). 

Table 3.10 Capacity of 3, 4, and 12 inch Diameter Schedule 40 PVC Pipe 

Pipe Diameter Storage Capacity 

in mm gal/ft l/m 

3 76.2 0.384034 4.77 

4 101.6 0.661312 8.21 

12  304.8 5.814633 72.21 

 

The first flush diverter uses a floating ball and seat to ensure that contaminated 

water is not siphoned back into the system. As the water in the collection pipe rises, so 

does the floating ball. Once the pipe has reached capacity, the floating ball seals the 

chamber off by resting on the seat inside of the diverter, and water begins to flow to the 

cistern. After the rain, the slow release valve at the end of the collection pipe slowly 

releases water, automatically resetting the system (RainHarvest Systems 2010a). 

In the collection system, the filter is placed before the first flush diverter. This 

configuration ensures no debris blocks or clogs the first flush diverter. The layout for the 

filter and first flush diverter is shown below in Figure 3.11. 
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Figure 3.11 Layout of Filter and First Flush Diverter for Rainwater Harvesting 

  

After the water passes by the first flush diverter, it travels to the cistern through an 

underground pipe system. Rainwater can be stored in either above-ground or below-

ground cisterns. In this scenario, below-ground cisterns are used to ensure that water does 

not freeze in the cistern. From the cistern, the water is pumped into the house and 

distributed to the toilets and clothes washer via a pump and pressure tank system as in the 

greywater treatment and reuse scenario. 

Sizing Rainwater Harvesting System 

The National Standard Plumbing Code is used to determine the gutter, 

downspout, and horizontal collection pipe sizes (Plumbing-Heating-Cooling Contractors 

Association 2006). The plumbing code uses a design storm of duration of 60 minutes and 

a 100 year return period. The intensities for each city were found using an appendix in 
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 From: (Google 2010) 

Figure 3.21 Satellite View of the Neighborhood Used in the Community Scenario 

3.5.2 Determining Community Water Demands 

Multiple procedures are used in determining the water demand for the 

community. The demand for single-family homes and apartment buildings are found in 

the same manner as used for the individual residences discussed previously. The demands 

for the non-residential buildings are determined using estimates based on the building 

type.  

Demands for Single-Family Homes in Community 

The typical single-family home is assumed to be two floors with a total living area 

of 2,550 ft
2
 (236.90 m

2
) and a garage area of 525 ft

2 
(48.77 m

2
). The average residence is 
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 Using the water quality function of EPANET 2, the age of the water in elevated 

storage is 100 hours during peak flow conditions without fire flow and 117 hours during 

average day conditions. The age of water in a distribution system is a major component 

of water quality degradation. Water quality issues associated with water age are 

disinfection by-product formation, loss of residual disinfectant, taste and odor issues, 

microbial regrowth, and deposition of sediments to name a few. The average water age in 

municipal systems is reported to be from 1.3 to 3.0 days. Water age is dependent on the 

water demand, system design, and system operation. The lower the water age the better 

the water quality is in a system (USEPA 2002). 

 The file for the conventional community system is below. Directions for how to 

run the model are located in Appendix A.  

3.5.4 Reclaimed Distribution System 

The reclaimed distribution system for the community is designed to meet the non-

potable needs including toilet flushing, clothes washing, irrigation, and fire demand. The 

water is treated to the unrestricted reclaimed water standards outlined in Table 2.8. The 

system is designed based on the peak flow rates outlined in Section 3.5.2.  

In the reclaimed system, the wastewater from the community is treated to 

reclaimed standards within the community. Once the water is treated, it is redistributed to 

the community in the reclaimed pipe network of the dual distribution system. 

One potential concern with the reclaimed distribution system is the recirculation 

and/or buildup of contaminants in the water. To meet the indoor reclaimed water needs 

(toilet flushing and laundry) approximately 40% of the total wastewater produced in the 
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community is needed. The remaining 60% of the wastewater could be used for lawn 

irrigation after treatment or discharged to a stream.  

During the irrigation system, the wastewater produced in the community is 

unlikely to meet the higher reclaimed water demand. Therefore, stormwater collected in 

the neighboring pond or a backup potable supply line is needed to compensate for the 

difference between reclaimed water production and reclaimed water demand. An 

additional option to help meet the irrigation demand is to install rainwater harvesting 

systems at the individual residences and businesses. Using harvested rainwater will help 

reduce the irrigation demand. Another option is to decrease the irrigation demand by 

planting vegetation that requires minimal irrigation. 

EPANET 2 

 The same pipe layout is used as in the conventional model with the exception of 

the pump location. The demands were adjusted in EPANET to reflect only the non-

potable demands. Then, the network was inspected to see if any pipe diameters could be 

decreased. The criteria for determining if a pipe diameter can be decreased are based on 

the pipe velocity and node pressures. The typical design velocity for pipe is 5 ft/s (1.52 

m/s) (Hammer and Hammer 2008; Viessman and Hammer 1998). The maximum pressure 

in a system is 90-110 psi (620.5-758.4 kpa) and the minimum pressures are between 40-

50 psi (275.8-344.7 kpa) (Viessman and Hammer 1998). The results of this analysis 

showed that the same pipe diameters are required for both the conventional and reclaimed 

models. This is not too surprising because the only difference between the two systems is 

the potable water demand, which is negligible when compared to the flow rates required 
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The dual distribution system requires an additional pipe network for the potable 

portion. The additional materials required for the potable system are listed in Table 3.53. 

Table 3.53 Infrastructure Requirements for Community Potable Water Distribution 

System 

Material Amount 

2 in (50.8 mm) C900 PVC 69600 ft (21214 m) 

4 in (101.6 mm) C900 PVC 25450 ft (7757 m) 

8 in (203.2 mm) C900 PVC 129 ft (39.32 m) 

2 in (50.8 mm) C900 PVC Long Radius Elbow 42 

2 in (50.8 mm) C900 PVC 45 degree Bend 165 

2 in (50.8 mm) C900 PVC Tee 1271 

2 in (50.8 mm) C900 PVC Cross Connector 12 

368,900 gallons (1,389,000 l) Elevated Storage 1 

Grundfos 625S600-3A 60 HP Pump 1 

2 in (50.8 mm) PVC Shutoff Valves 155 

4 in (101.6 mm) PVC Shutoff Valves 32 

 

 Implementing a dual distribution system also requires an additional service line to 

each home and business, as well as additional plumbing in the buildings. The additional 

plumbing requirements for the service lines are determined by estimating the distance 

from the center of the street to the center of the house based on the AutoCAD files for the 

community. The service lines are for the reclaimed portion of the water system. It is 

likely that the service lines for the potable system could be reduced because of reduced 

demand, but that is not considered in this analysis. In addition, the residential indoor 

infrastructure requirements for dual distribution are calculated based off results from the 

residential house used in the first scenarios. The indoor infrastructure for the apartment 

building is determined by using a ratio of the building square footage to the apartment 

modeled in the apartment with rainwater use scenario. Indoor plumbing infrastructure for 

the other buildings is estimated by assuming that the service line connects to the center of 

the building where the restrooms (the main use of reclaimed water in the building) are 



106 

 

 

 

located. The numbers used for the service line connections and additional indoor 

plumbing requirements are given in Table 3.54 through Table 3.56. 

Table 3.54 Service Line and Indoor Plumbing Requirements for Single-Family 

Residence. 

Material Per House Community Total 

1/2" (12.7 mm) PEX 127 ft (39 m) 152,273 (46,413 m) 

Manifold 3, 1/2"  (12.7 mm) 

outflow connections 
1 1199 

1" (25.4 mm) Service Line 80 ft (24 m) 95920 (29,234 m) 

 

Table 3.55 Service Line and Indoor Plumbing Requirements for Community 

Apartment Buildings. 

  
Apartment 1 

(7 buildings) 
Apartment 2 

(6 buildings) 
Apartment 3 

(1 building) 
Apartment 4 

(8 buildings) 
Totals 

Percent of Model 

Apartment per 

building 
36% 54% 306% 38% 

 

2 outflow line 

manifold (2" (50.8 

mm) to 2, 1/2" (12.7 

mm)  outputs) 

182 232 220 221 855 

3 outflow line 

manifold (2" (50.8 

mm) to 3, 1/2" (12.7 

mm) outputs) 

273 348 331 331 1283 

2 in (50.8 mm) PVC 
13046 ft 

(3976 m) 
16660 ft  
(5078 m) 

15804 ft 

(4817 m) 
15816 ft 
(4821 m) 

61326 ft 

(18692 m) 
2 in (50.8 mm) PVC 

tee connections 
440  561 533 533 2067 

3 in (76.2 mm) to 2 

in (50.8 mm)  PVC 

Reducers 
42 36 6 48 132 

3 in (76.2 mm) PVC 

tees 
21 18 3 24 66 

3 in (76.2 mm) 90 

degree PVC elbows 
56 48 8 64 176 

3 in (7.2 mm) PVC 

tees 
14 12 2 16 44 

3 in (76.2 mm) PVC 

(ft) 
315 270 45 360 990 

Service Line Length 

(1.5 in (38.1 mm) 

diameter) 

2280 ft 
(695 m) 

1890 ft  
(576 m) 

175 ft 
(53 m) 

2400 ft 
(732 m) 

6745 ft 
(2056 m) 

 



107 

 

 

 

Table 3.56 Service Line and Indoor Plumbing Requirements for Community Non-

Residential Buildings. 

Building 
Service Line 

Diameter 

Service Line 

Length 

Inside pipe (PVC) 1 in 

(25.4 mm) diameter 

 

in mm ft m ft m 

School 2 50.8 360 110 150 46 

Fast Food 

Restaurant 1  
1 25.4 460 140 15 5 

Fast Food 

Restaurant 2  
1 25.4 135 41 15 5 

Fast Food 

Restaurant 3  
1 25.4 290 88 15 5 

Service Station 1 25.4 200 61 20 6 

Large Office 

Building 
1 25.4 285 87 40 12 

Pharmacy  1 25.4 235 72 30 9 

Doctor's 

Office  
1 25.4 85 26 40 12 

Urgent Care 

Office 
1 25.4 200 61 20 6 

Dentist Office 1 25.4 185 56 20 6 

Bank 1 25.4 190 58 40 12 

Church 1 25.4 80 24 20 6 

Outlet Stores 1 25.4 315 96 100 30 

Restaurant 1  1 25.4 195 59 15 5 

Restaurant 2  1 25.4 125 38 15 5 

Restaurant 3  1 25.4 390 119 15 5 

Restaurant 4  1 25.4 255 78 15 5 

Supermarket 1 25.4 205 62 50 15 

Spa 1 25.4 105 32 20 6 

Hotel 1.5 38.1 190 58 100 30 

Totals 
 

 
 

 
 

 

1 in (25.4 mm) PVC 4690 ft 1430 m  
 

 

1.5 in (38.1 mm) PVC 190 ft 58 m  
 

 

2 in (50.8 mm) PVC 360 ft 110 m  
 

 

 

3.5.7 Benefits of Large Scale Reclaimed Water Use 

Benefits associated with large-scale reclaimed water use include reduced treatment 

costs, improved potable water quality, and decreased freshwater withdrawals. Drinking 

water treatment costs are reduced because the quantity of water treated to drinking water 
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standards is reduced. The cost of wastewater treatment may increase some because of the 

higher treatment required for reclaimed water, but this can be offset by charging for 

reclaimed water use. Removing the non-potable demands from the potable system allows 

the pipe sizes of the potable system to be reduced resulting in decreased water age. 

Smaller water ages decrease the formation of disinfection by-products and microbial 

regrowth, leading to higher water quality at the tap. Using reclaimed water to meet the 

non-potable demand reduces the amount the freshwater withdrawals. The reclaimed 

water is now another water source for the community.  

3.6 Implementation in Different Regions 

The infrastructure requirements are very similar for the different regions studied in 

the United States (Pacific Northwest, Desert Southwest, Midwest, and Southeast). Most 

of the infrastructure such as pipes and pumps are designed based on flow rates, which are 

similar across the country. Differences in infrastructure requirements for the residential 

and apartment building models occur when the design is dependent on the climate, such 

as rainwater harvesting. The amount and frequency of rainfall affected the size of the 

drainage and water storage in the residential and apartment rainwater harvesting models. 

Therefore, each region requires slightly different infrastructure. 

 For example, in the apartment model, Seattle requires a 30,000 gallon (113,562 l) 

cistern to store water because it experiences more constant rainfall. The other regions, 

have more seasonal rainfall variation so more storage is required to capture water during 

the rainy season so it can be used during the dry season. 
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4 Results and Discussion 

4.1 Results 

In each of the scenarios studied, additional infrastructure is needed to implement a 

dual distribution system. The least complex systems are simple greywater reuse for 

subsurface irrigation and rainwater harvesting. If treatment is used, the system becomes 

more complex and infrastructure intensive. In some cases, it is beneficial to pair two 

reuse systems together such as outdoor subsurface irrigation with untreated greywater 

and rainwater harvesting for indoor non-potable uses. This can eliminate treatment 

because rainwater is higher quality than greywater and usually does not require treatment. 

A design guide giving instructions on how to implement greywater reuse and rainwater 

harvesting is located in Appendix G. 

4.1.1 Greywater Reuse 

In the typical home, approximately 130 feet (39.6 m) of additional 2-inch PVC pipe 

is needed to collect untreated greywater for outdoor subsurface irrigation. The amount of 

outdoor infrastructure is dependent on the regional climate and the vegetation. Using 

untreated greywater for subsurface irrigation requires a rather simple system on the 

household scale. Greywater is collected from bathroom sinks, clothes washing, and 

showers and delivered to the yard for subsurface irrigation.  

In a single-family home using a typical greywater treatment and indoor reuse 

scenario, an extra 102 feet (31 m) of 2-inch (50.8 mm) PVC pipe and 127 feet (38.7 m) of 

½ inch (12.7 mm) cross-linked polyethylene (PEX) pipe is needed for collection and 

redistribution, respectively. Before water collected from bathroom sinks and showers can 

be used for toilet flushing and clothes washing, it must first be treated. The treatment 
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used in this study is a membrane bioreactor. Other significant infrastructure requirements 

include two storage tanks, a pump and the membrane bioreactor unit.  

4.1.2 Rainwater Harvesting 

In a typical single-family home using rainwater harvesting, 164 feet (50 m) of ½ 

inch (12.7 mm) PEX pipe is required to distribute rainwater in the house for toilet 

flushing and clothes washing. The outdoor rainwater harvesting infrastructure 

requirements vary by climate and depth of the cistern. Table 4.1 summarizes the material 

requirements by city. In addition to the material requirements listed below, four first-

flush diverters and four downspout filters are also required.  

Table 4.1 Summary of Rainwater Harvesting Materials for a Single-Family Home 

City 

60 minute 

100 year 

rainfall 

Cistern Size Underground PVC Pipe 

 in/hr mm/hr gal l English Metric 

Seattle 1.0 25.4 2500 9464 
147 ft, 3 in 

PVC 

44.8 m, 76.2 mm 

PVC 

Scottsdale 2.2 55.88 2500 9464 
147 ft, 3 in 

PVC 

44.8 m, 76.2 mm 

PVC 

Omaha 3.6 91.44 2500 9464 
152 ft, 4 in 

PVC 

46.3 m, 101.6 mm 

PVC 

Tampa 4.2 106.68 2500 9464 
147 ft, 5 in 

PVC 

44.8 m, 76.2 mm 

PVC 

 

In the apartment building model, more than 5,000 feet (1524 m) of 2 inch (50.8 

mm) PVC is required to distribute the harvested rainwater. The rainwater is used for 

toilet flushing and clothes washing. Seattle requires a 30,000 gallon (113,562 l) cistern 

while Scottsdale, Omaha, and Tampa all need a 50,000 gallon (189,270 l) cistern. Seattle 

can use a smaller cistern because it has a uniform rainfall pattern throughout the year. 

The underground piping system is the same for all of the communities.  
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4.1.3 Reclaimed Water Reuse 

During an average day, a dual distribution system in a typical community will save 

370,000 gallons (1,400,000 l) of water not used for human consumption from being 

treated to drinking water quality. A complete second pipe network is required for the 

reclaimed water use in the community. The conventional system and reclaimed water 

system are identical. The two systems are identical because they both supply fire flow 

and in this situation, the fire flow determines the required pipe diameters in the 

community. In addition, to the reclaimed system, a second system with smaller pipe 

diameter is required for the potable system. The potable system is made up of 2-inch 

(50.8 mm) and 4-inch (101.6 mm) diameter pipes. Separating the potable and non-potable 

uses reduces the residence time of water in the potable system leading to improved water 

quality.  

4.2 Discussion 

The use of dual distribution shows promise to combat the issues of water scarcity. 

Using greywater or reclaimed water within the community reduces the amount of raw 

water that must be withdrawn from the environment. Likewise, rainwater is a free water 

source, and its utilization can help reduce the amount of water withdrawn, treated, and 

delivered.  

One drawback with all reuse systems is the requirement to have separate piping 

systems for each different water quality. The redundancy leads to additional 

infrastructure costs, which can hinder the implementation of dual systems. One way of 

making the added expense more viable is to increase water prices. Higher prices for 

potable water will lead consumers to utilize potable water more efficiently, and the 

increased infrastructure costs will be compensated for by reduced water costs.  
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5 Conclusions and Recommendations 

5.1 Conclusions 

Implementing dual distribution systems is a way to reduce the potable water 

demand. A dual distribution system shifts some of the water demand from the potable 

system to a combination of potable and non-potable water depending on the end use. 

Advantages of a dual distribution system include avoiding large costs to treat water not 

used for human consumption to drinking water standards and improving the quality of 

water that is used for human consumption. A drawback associated with a dual 

distribution system is the needed increase in infrastructure.  

5.2 Recommendations for Future Study and Analysis 

The focus of this study is determining the infrastructure to meet the current water 

demands. Low flow rate fixtures are considered in the analysis but additional water 

conservation measures such as xeroscaping were not considered. Therefore, in future 

studies it may be valuable to determine what the infrastructure needs are based on the 

implementation of additional water conservation measures.  
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Appendix A Directions for EPANET 2 Models 
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EPANET 2.0 is a free hydraulic modeling software program that can be downloaded 

from http://www.epa.gov/nrmrl/wswrd/dw/epanet.html. 

Simple Greywater Reuse System 

1. Open the EPANET software. Download and then open the Simple Greywater 

Reuse System model. 

 

2. To run the model click on the lightning bolt icon along the toolbar or click “Run 

Analysis” under “Project” above the toolbar. See arrow below in Figure 1.  

 
Figure 1. Location of icon to run EPANET. 

 

3. The simulation runtime can be changed in the “Browser” window, under the 

“Data” tab by selecting “Options” as shown in Figure 2 below.  

 
Figure 2. Selecting “Options” in the “Browser” window to change the time of 

simulation. 

 

4. Under the options menu select “Times.” The window shown in Figure 3 will 

appear. From this window, the duration of the simulation can be changed as well 

as the hydraulic and reporting time steps. The pattern time step should not be 

changed. 

http://www.epa.gov/nrmrl/wswrd/dw/epanet.html
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Figure 3. “Time Options” menu in EPANET. 

 

5. Node and pipe properties are displayed by double clicking on the node or pipe of 

interest.  

 

6. To view the various properties of the pipe throughout the simulation, click on the 

“Map” tab in the “Browser” window as shown below in Figure 4. The browser 

window opens with the program. It can also be launched by clicking “Window” 

above the toolbar and selecting “Browser.” One parameter can be selected for 

nodes and links in the system. A specific time can also be investigated. To start 

the real-time viewing of the simulation, click the forward arrow. The speed of the 

duration can be controlled using the slider at the bottom of the window. 

 
Figure 4. Map tab in EPANET Browser window. 

 

7. To graph the parameter of interest for a node, pipe, or group of similar objects. 

Click the graph button shown in Figure 5. Once the new window opens select the 

node(s) or pipe(s) of interest and click add. The graph type and parameter of 

interest are also selected in this window. Click “OK” to create the graph. 



123 

 

 

 

 
Figure 5. Location of icon to graph node or pipe parameters in EPANET. 

 

8. A flow control valve (FCV) represents each fixture in the model. The frequency 

and duration of use can be adjusted using the “Simple Controls” editor. The editor 

is launched from the browser window. In the “Browser” window, click the down 

arrow so the entire options menu is available and then select controls as shown 

below in Figure 6. Under the controls menu select “Simple Controls.” This will 

bring up a window filled with the code that controls the operation of the FCV. 

 
Figure 6. EPANET Browser window to launch simple controls editor. 

 

This will bring up a window filled with the code that controls the operation of the 

FCV. See Figure 7 below.  

 
Figure 7. Simple Controls Editor in EPANET 
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9. To increase the frequency of use, copy and paste a command line from the fixture 

of interest and change the associated time. Similarly, the duration can be 

increased or decreased by changing the time the FCV is open. 

 

Greywater Reuse System with Complex Greywater Collection and Treatment and 

Greywater Reuse System with Rainwater Harvesting 

1. Open the EPANET software. Download and then open the either Greywater 

Reuse System with Complex Greywater Collection and Treatment model or the 

Greywater Reuse System with Rainwater Harvesting model. 

 

2. To run the model click on the lightning bolt icon along the toolbar or click “Run 

Analysis” under “Project” above the toolbar. See arrow below in Figure 1.  

 
Figure 1. Location of icon to run EPANET. 

 

3. The simulation runtime can be changed in the “Browser” window, under the 

“Data” tab by selecting “Options” as shown in Figure 2 below.  

 
Figure 2. Selecting “Options” in the “Browser” window to change the time of 

simulation. 

 

4. Under the options menu select “Times.” The window shown in Figure 3 will 

appear. From this window, the duration of the simulation can be changed as well 

as the hydraulic and reporting time steps. The pattern time step should not be 

changed. 
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Figure 3. “Time Options” menu in EPANET. 

 

5. Node and pipe properties are displayed by double clicking on the node or pipe of 

interest.  

 

6. To view the various properties of the pipe throughout the simulation, click on the 

“Map” tab in the “Browser” window as shown below in Figure 4. The browser 

window opens with the program. It can also be launched by clicking “Window” 

above the toolbar and selecting “Browser.” One parameter can be selected for 

nodes and links in the system. A specific time can also be investigated. To start 

the real-time viewing of the simulation, click the forward arrow. The speed of the 

duration can be controlled using the slider at the bottom of the window. 

 
Figure 4. Map tab in EPANET Browser window. 

 

7. To graph the parameter of interest for a node, pipe, or group of similar objects. 

Click the graph button shown in Figure 5. Once the new window opens select the 

node(s) or pipe(s) of interest and click add. The graph type and parameter of 

interest are also selected in this window. Click “OK” to create the graph. 
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Figure 5. Location of icon to graph node or pipe parameters in EPANET. 

 

8. A flow control valve (FCV) represents each fixture in the model. The frequency 

and duration of use can be adjusted using the “Simple Controls” editor. The editor 

is launched from the browser window. In the “Browser” window, click the down 

arrow so the entire options menu is available and then select controls as shown 

below in Figure 6. Under the controls menu select “Simple Controls.” This will 

bring up a window filled with the code that controls the operation of the FCV. 

 
Figure 6. EPANET Browser window to launch simple controls editor. 

 

This will bring up a window filled with the code that controls the operation of the 

FCV. See Figure 7 below.  

 
Figure 7. Simple Controls Editor in EPANET 
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9. To increase the frequency of use, copy and paste a command line from the fixture 

of interest and change the associated time. Similarly, the duration can be 

increased or decreased by changing the time the FCV is open. 

 

10. The treatment (only for Greywater Reuse System with Complex Collection and 

Treatment) and redistribution system is modeled using rule-based controls. The 

rule-based controls are also accessed under the controls menu as described above. 

The controls in the rule-based editor are mostly dependent on water levels in 

tanks. Once again these parameters can be changed by changing the levels in the 

tanks. When changing the levels associated with the tanks it is important to make 

sure the parameters in the editor do not conflict with the parameters of the tank. 

This can be checked by double-clicking on the tank of interest and inspecting the 

listed properties. 

Apartment 

1. Open the EPANET software. Download and then open the Apartment Indoor 

model.  

 

2. To run the model click on the lightning bolt icon along the toolbar or click “Run 

Analysis” under “Project” above the toolbar. See arrow below in Figure 1.  

  
Figure 1. Location of icon to run EPANET. 

 

3. The simulation runtime can be changed in the “Browser” window, under the 

“Data” tab by selecting “Options” as shown in Figure 2 below.  

 
Figure 2. Selecting “Options” in the “Browser” window to change the time of 

simulation. 
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4. Under the options menu select “Times.” The window shown in Figure 3 will 

appear. From this window, the duration of the simulation can be changed as well 

as the hydraulic and reporting time steps. The pattern time step should not be 

changed. 

 
Figure 3. “Time Options” menu in EPANET. 

 

5. Node and pipe properties are displayed by double clicking on the node or pipe of 

interest.  

 

6. To view the various properties of the pipe throughout the simulation, click on the 

“Map” tab in the “Browser” window as shown below in Figure 4. The browser 

window opens with the program. It can also be launched by clicking “Window” 

above the toolbar and selecting “Browser.” One parameter can be selected for 

nodes and links in the system. A specific time can also be investigated. To start 

the real-time viewing of the simulation, click the forward arrow. The speed of the 

duration can be controlled using the slider at the bottom of the window. 

 
Figure 4. Map tab in EPANET Browser window. 
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7. To graph the parameter of interest for a node, pipe, or group of similar objects. 

Click the graph button shown in Figure 5. Once the new window opens select the 

node(s) or pipe(s) of interest and click add. The graph type and parameter of 

interest are also selected in this window. Click “OK” to create the graph. 

 
Figure 5. Location of icon to graph node or pipe parameters in EPANET. 

 

8. A flow control valve (FCV) represents each apartment in the model. The 

frequency and duration of use can be adjusted using the “Simple Controls” editor. 

The editor is launched from the browser window. In the “Browser” window, click 

the down arrow so the entire options menu is available and then select controls as 

shown below in Figure 6. Under the controls menu select “Simple Controls.” This 

will bring up a window filled with the code that controls the operation of the 

FCV. 

 
Figure 6. EPANET Browser window to launch simple controls editor. 

 

This will bring up a window filled with the code that controls the operation of the 

FCV. See Figure 7 below.  
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Figure 7. Simple Controls Editor in EPANET 

 

9. To increase the frequency of use, copy and paste a command line from the fixture 

of interest and change the associated time. Since each apartment is represented by 

only one FCV, the type of fixture used is only denoted by the flow rate. A flow 

rate of 1.3 corresponds to a toilet flush, while a flow rate of 5 corresponds to 

clothes washing. Similarly, the duration can be increased or decreased by 

changing the time the FCV is open. 

 

10. The rainwater distribution system is modeled using rule-based controls. The rule-

based controls are also accessed under the controls menu as described above. The 

controls in the rule-based editor are dependent on the pressures in the pressure 

tank. Once again, these parameters can be changed by changing the assigned 

pressure in the tank.  

Apartment Rain Harvest 

1. Open the EPANET software. Download and then open the Apartment Rain 

Harvest model.  

 

2. To run the model click on the lightning bolt icon along the toolbar or click “Run 

Analysis” under “Project” above the toolbar. See arrow below in Figure 1.  

  
Figure 1. Location of icon to run EPANET. 

 

3. The model is designed to handle the flow from a 100 year return period, 60 

minute duration storm intensity in the four study cities. Table 1 lists the cities, the 

corresponding intensity, and the pattern multiplier number in EPANET. The 

pattern for each city simulates a 1 hour storm at the intensity given in Table 1.  
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Reclaimed Water Quality 

The Environmental Protection Agency (EPA) has developed guidelines for water 

reuse. The manual gives the water quality required for certain uses of reclaimed water by 

several states. The guidelines for unrestricted water use are given in Table 3. 

Table 3. State Guidelines for Unrestricted Reclaimed Water Use. 

Parameter Arizona California Florida Hawaii Nevada Texas Washington 

Treatment 

Secondary 

treatment, 

filtration 

and 

disinfection 

Oxidized 

coagulated, 

filtered, 

and 

disinfected 

Secondary 

treatment, 

filtration, and 

high-level 

disinfection 

Oxidized, 

filtered, 

and 

disinfected 

Secondary 

treatment 

and 

disinfection 

NS* 

Oxidized, 

coagulated, 

filtered, and 

disinfected 

BOD5 NS NS 
20 mg/l 

CBOD5 
NS 30 mg/l 5 mg/l 30 mg/l 

TSS NS NS 5.0 mg/l NS NS NS 30 mg/l 

Turbidity 

2 NTU 

(Avg) 

2 NTU 

(Avg) 
NS 

2 NTU 

(Max) 
NS 3 NTU 

2 NTU 

(Avg) 

5 NTU 

(Max) 

5 NTU 

(Max) 

5 NTU 

(Max) 

Coliform 

Fecal Total Fecal Fecal Fecal Fecal Total 

Non 

detectable 

(Avg) 

2.2/100 ml 

(Avg) 

75% of 

samples 

below 

detection 

2.2/100 ml 

(Avg) 

2.2/100 ml 

(Avg) 

20/100 

ml 

(Avg) 

2.2/100 ml 

(Avg) 

23/100 ml 

(Max) 

23/100 ml 

(Max in 30 

days) 

25/100 ml 

(Max) 

23/100 ml 

(Max in 30 

days) 

23/100 ml 

(Max) 

75/100 

ml 

(Max) 

23/100 ml 

(Max) 

 *NS-Not Specified 

(USEPA 2004) 

 

GREYWATER SYSTEMS 

Greywater systems are based on reusing lightly contaminated water from the house 

such as water from showering and hand washing. A study in Australia reported a 20.0% 

to 32.5% reduction in potable water use when greywater was used for lawn irrigation and 

toilet flushing. Likewise, wastewater totals were reduced by 33.2% to 54.1% by 

implementing greywater reuse (Zhang et al. 2010). 

Greywater Sources 

Greywater is defined as the wastewater from all household sources except for 

toilets (Christova-Boal et al. 1996; Ludwig 2009). The definition is commonly restricted 

to include only human washing operations such as baths, showers, and bathroom sinks 

(Jefferson et al. 2004; Ludwig 2009). Other authors also include laundry water in the 

definition of greywater (Christova-Boal et al. 1996; Al-Jayyousi 2003). The greywater 

definition used by the National Standard Plumbing Code (2006) is “used untreated water 
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generated by clothes washing machines, showers, bathtubs and lavatories. It shall not 

include water from kitchen sinks or dishwashers.” 

Greywater Quality 

Several studies report that greywater must be treated as dilute sewage because it 

contains all of the components of raw wastewater (Christova-Boal et al. 1996). Greywater 

itself typically contains low levels of fecal contamination, but several studies have 

reported high levels of fecal indicators. In some instances, the quantity of fecal indicators 

was in the range associated with raw wastewater (Alkhatib et al. 2006). Other sources 

report greywater being relatively free of organic matter, pathogens, and trace constituents 

(Asano 2007). 

The quality of greywater is highly dependent on the quality of the water supply, 

the piping network, and the activities in the home. The piping network can affect the 

quality of water because of leaching from the pipe, and biological and chemical processes 

occurring in the biofilm on the pipe walls. The most important determinations of the 

quality are the lifestyle, installations, and chemicals used in the household (Eriksson et al. 

2002). Table 4 below lists the characteristics of greywater from various sources. 

Table 4. Typical Characteristics of Greywater 

 

(Christova-Boal et al. 1996) 

(Surendran et al 1998) grab 

samples 

Parameter 
Bathroom 

water range1 

Laundry water 

range1 

Bath/ 

shower1 

Wash 

Basin1 

Washing 

Machine1 

Aluminium <1.0 <1.0-2.1       

Ammonia, as N <0.1-15 <0.1-1.9 1.56 0.53 10.7 

Arsenic, as AS 0.001 0.001-0.007       

Azure A active substances 1.2-10 30-150       

BOD5/d 76-200 48-290 216 252 472 

Cadmium, as Cd <0.01 <0.01 0.54 - 0.63 

Calcium 3.5-7.9 3.9-12       

Chloride, as Cl 9.0-18 9.0-88       

COD      424 433 725 

Colour, Pt/Co units 60-100 50-70       

Copper 0.06-0.12 <0.05-0.27 111 - 322 

Dissolved solids     559 520 590 

EC 25
o
C, μS/cm 82-250 190-1400       

Fecal coliforms/100 mL MPN 170-3.3E3 MPN 110-1.09E3 600 cfu 32 cfu 728 cfu 

Fecal streptococci/100mL MPN 79-2.4E3 MPN 23-2.4E3       

Inorganic carbon     26 20 25 

Iron 0.34-1.1 0.29-1.0       

Lead     3 - 33 
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Parameter 
Bathroom 

water range1 

Laundry water 

range1 

Bath/ 

shower1 

Wash 

Basin1 

Washing 

Machine1 

Magnesium 1.4-2.3 1.1-2.9       

Nitrate and nitrite as N <0.05-0.20 0.10-0.31 0.9 0.34 1.6 

Oil and grease 37-78 8.0-35       

pH 6.4-8.1 9.3-10 7.6 8.1 8.1 

Phosphate as P     1.63 45.5 101 

Phosphorus, total as P 0.11-1.8 0.062-42       

Potassium 1.5-5.2 1.1-17       

Selenium, as SE <0.001 <0.001       

Silicon 3.2-4.12 3.8-49       

Sodium `7.4-1.8 49-480       

Sulfur 1.2-3.3 9.5-40       

Suspended solids 48-120 88-250 76 40 68 

Total alkalinity, as CaCO3 24-43 83-200       

Total coliforms/100 mL MPN 500-2.4E7 MPN 2.3E3-3.3E5 6E6 cfu 5E4 cfu 7E5 cfu 

Total Kjeldahl nitrogen, as 

N 4.6-20 1.0-40       

Total organic carbon     104 40 110 

Total solids     631 558 658 

Turbidity,NTU 60-240 50-210 92 102 108 

Volatile solids     318 240 330 

Zinc 0.2-6.3 0.09-0.32 59 - 308 

1 Units in mg/L unless otherwise noted. 

Greywater Treatment 

Untreated greywater contains soaps, detergents, dirt from laundry, and organic 

matter and pathogens from human bodies (Novotny et al. 2010). When compared to toilet 

wastewater, greywater has fewer pathogens and 90% less nitrogen. Greywater treatment 

is less expensive and requires less energy than wastewater treatment because of lower 

solids loading rates, BOD loading, and lower microbial content (Sheikh 2010; Ishida et 

al. 2009). As a result, greywater treatment is cheaper and less complex than standard 

wastewater treatment (Asano 2007; Zhang et al. 2010). Common greywater treatment 

systems include modified sand filters, constructed wetlands, biological systems such as 

membrane bioreactors (MBR), and biologically aerated filters (Zhang et al. 2010). The 

current regulations for greywater are not dependent on health risk data such as pathogen 

dose-response, but are instead based on the perceived risk (Ishida et al. 2009).  

Greywater Quantities 

Approximately, 50-80% of household wastewater is greywater (Novotny et al. 

2010; Eriksson et al. 2003). Limiting the definition of greywater to include water from 



159 

 

 

 

showers, baths, laundry, and bathroom sinks, the amount of greywater produced can be 

determined from the data presented in Table 5.  

Table 5. National Average of Greywater Production Broken Down by Fixture. 

Fixture 
Amount 

gpcd  lcpd 

Toilet 6.57 24.87 

Shower 16.40 62.08 

Clothes washer  5.49 20.78 

Faucet  10.85 41.07 

Total Greywater 

Production 
39.31 

148.80 

Source: (Mayer et al. 1999). 

Note: Faucet amount includes both kitchen and bathroom faucets. 

 

A breakdown of greywater production in the United States is shown in Figure 1. 

The faucet use is overestimated in Table 5 and Figure 1 as it includes both the kitchen 

and bathroom sinks. The average greywater production from the bathroom sink is 3 gpd 

(11.4 lpd). 

 
Adapted from: (Mayer et al. 1999) 

Figure 1. Breakdown of Greywater Production in the United States. 

The value for the faucet includes both the kitchen and bathroom faucets. 

   

Greywater Uses 

Many uses exist for greywater, but they are heavily dependent on the quality of 

greywater and the amount of treatment it has received. Essentially, greywater can be used 

for any purpose as long as it is treated to meet the appropriate standards (Li et al. 2009). 

Two common uses for greywater are toilet flushing and garden watering (Christova-Boal 

Clothes 

Washer 

39% 

Shower 

30% 

Faucet 

28% 

Bath 

3% 
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et al. 1996). Other uses are laundry, window, and vehicle washing, fire protection, boiler 

feed water, and concrete production (Eriksson et al. 2003). Untreated greywater can be 

used for subsurface irrigation (Zhang et al. 2010; Christova-Boal et al. 1996; Ludwig 

2009). 

Health Concerns Associated with Greywater Use 

The impact of greywater on human health depends on the pathogen source and the 

exposure routes. Health concerns associated with greywater reuse include the possibility 

of spreading diseases because of microorganisms in the water. Possible transmission 

pathways include direct contact with greywater, and irrigation (Ottoson and Stenstrom 

2003). For example, if the water is used for toilet flushing, it is possible that contaminants 

in the water can become aerosols (Ludwig 2009; Eriksson et al. 2002).  

Most of the health concerns associated wither greywater can be avoided by using 

proper precautions. The first is to design the greywater system so no human-to-greywater 

contact occurs. The greywater should also percolate through topsoil for natural 

purification to occur. Washing hands after contact with greywater or wearing gloves 

when cleaning greywater filters helps to protect from ingesting any microorganisms that 

might be present. Likewise, untreated greywater should not be applied directly to lawns, 

or vegetables and fruits that are eaten raw (Ludwig 2009). No cases of greywater-

transmitted illness have been documented in the United States, and taking precautions 

such as the ones listed above will help to avoid any potential illnesses occurring from 

greywater (Ludwig 2009; Sheikh 2010). 

Design Considerations 

If untreated greywater is used for subsurface irrigation, it is important to be 

mindful about the type of cleaning supplies and other chemicals used in the home. 

Chemicals used in the sink, shower, etc. will end up in the subsurface irrigation system 

and may have harmful effects on the vegetation.  

Along with determining the goals of the greywater system, the greywater 

production must also be calculated. The greywater quantity is dependent on the number 

of people in the building and what fixtures will contribute to the greywater. Some 

homeowners may want to include the kitchen sink and dishwasher to maximize 

greywater-recycling potential, while others may want to only utilize light greywater from 

the bathroom sinks, showers, and clothes washing to improve the quality of greywater 

used. 

If irrigation with greywater is the goal, the irrigation requirement needs to be 

determined. A local nursery should be able to help estimate the irrigation demand in the 

given region. Knowledge of the irrigation demand will help determine the area that can 

be irrigated with greywater.  
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PVC pipe is commonly used for the greywater collection system; however ABS 

and HDPE can also be used. According to Ludwig (2009), HDPE is the most 

environmentally friendly plastic followed by ABS. Pipe diameters less than 1.5 inches 

(38 mm) should be avoided to prevent pipe clogging.  

Greywater can be collected in a pipe system similar to the wastewater collection 

system, or water can be piped from each fixture directly outside. Ludwig (2009) 

describes the pros and cons of each system. One factor to consider when determining the 

type of system is the climate. If there is an irrigation demand year round a greywater 

system from the fixture directly outside may be the best solution. In a climate that 

experiences freezing, a more conventional greywater collection system that allows the 

greywater to be diverted to the wastewater system during months when there is no 

irrigation demand may be better.  

Storage is another aspect of greywater systems that must be addressed. Untreated 

greywater should not be stored for more than 48 hours otherwise the biological activity of 

the water will cause odor and sanitation problems (Dixon et al. 1999). Storage is usually 

associated with a treatment system. A storage tank may be needed to equalize the flows 

entering a treatment unit. Once the water has been treated, it can be stored for longer 

periods of time, but the production and demand for treated greywater should be matched 

as closely as possible to minimize the storage time. 

Some companies have developed greywater treatment units. Greywater enters the 

unit, where it is treated to the required levels. After treatment, the water is pumped 

through a separate distribution system to toilets and/or clothes washers. Refer to the 

websites listed under greywater resources for more information on these systems. 

Design Process: 

1. Determine end-use goals.  

 What is the intended use for the greywater? Do you want to treat the greywater? 

 Subsurface irrigation generally does not required treatment. Most other uses 

currently do require treatment. Examples of some greywater uses are: 

o Subsurface irrigation (no treatment required) 

o Sprinkler irrigation (treatment required) 

o Toilet flushing (treatment required) 

o Clothes washing (treatment required) 

The simplest system is to use untreated greywater for subsurface irrigation. In a 

warm climate, the water can be piped directly outside from each fixture as Ludwig 

explains (2009). Treating greywater requires more infrastructure (greywater 

collection and treated water distribution systems) and the use of a greywater 
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treatment unit. Typically, the more complex a system becomes the more expensive it 

is to implement and maintain. 

2. Select greywater sources. 

 Shower/bath, bathroom sinks, laundry machine, kitchen sink, dishwasher 

Light greywater (water from bathroom sinks, laundry machine, and shower/bath) 

typically has a higher water quality. Water from dishwashers usually have poor 

water quality because of the quantity of solids, and high salt and pH from 

dishwashing soap. The kitchen sink water quality is better than the dishwasher, but it 

can cause problems in delicate systems because it is high in nutrients, solids, grease, 

and soap. However, the high nutrient levels can be beneficial to plants if the water is 

used for irrigation (Ludwig 2009). 

3. Determine greywater quantities. 

Greywater quantities can be determined using the following procedures: 

 Multiply the values given in Table 1 by the number of times a toilet is flushed in 

the house each day, the number of minutes a shower or sink is used each day, 

etc. Keep track of the values for a couple weeks and then determine the average 

water use. 

 Multiply the values given in Table 2 by the number of people in the building. 

 Determine your own flow rates by looking at fixture specifications or by placing 

a volume-measuring device under the fixture and turn it on for a set amount of 

time. After the time has elapsed, measure the volume of water in the container 

and divide it by the time the water was running to obtain a flow rate. Then, 

monitor the amount of time each fixture is used over a few weeks and calculate 

how much water is used per day. 

Regardless of the method used to calculate the flow rates, be sure to include only 

water from the sources selected in Step 2. When determining the greywater 

quantities, be sure to consider any seasonal variation that may occur. In some 

locations, irrigation is not required year round. In this situation, it is probably best to 

have a diverter valve to divert the greywater to the wastewater system. The number 

of showers or laundry cycles etc. might also increase or decrease during certain 

months. Make sure you identify any variations in water use or water demand when 

determining the greywater sources and end-uses. 

4. Determine water demand for end-use goals. 

For irrigation, speak with a local nursery to determine the water requirements 

for the vegetation to be irrigated. Calculate the water demand on a daily or weekly 

basis so it can be compared to the greywater quantities calculated in Step 3.  
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Another way to calculate the irrigation demand is to determine the 

evapotranspiration rates for the vegetation (Gardels 2011). Ludwig (2009) also gives 

estimates for irrigation demand. 

If greywater treatment and indoor reuse is to be used, the values given in Table 

1 and Table 2 can be used to calculate the demand. 

 

5. Ensure greywater quantities from Step 2 and the end-use water demands from Step 

4 match.  

The amount of water produced and the amount of water required for the 

end-uses should match. If they do not, issues such as overwatering, or having 

to use another water source will arise. Additional greywater sources can be 

added or removed to meet the end-use demand. Likewise, the end-use demand 

can be decreased by reducing the size of area to be irrigated or reducing the 

number of fixtures supplied with treated greywater. Do not continue until the 

production and demand quantities are matched. 

 

6. Design greywater collection system.  

 Direct drain from fixtures to lawn 

 HDPE can be use to directly link the drain of a sink, shower, etc. to the 

outdoors.A drain screen should be used to keep bugs from entering the home 

through the pipe. Pipe diameters less than 1 inch (25.4 mm) should not be 

used. For more details on how to install this system, refer to Ludwig (2009). 

 Branched collection to subsurface irrigation 

ABS or PVC is connected to each drain chosen in Step 2. The pipe is then 

connected to one common pipe that exits the house. Pipe diameters less than 

1.5 inches should be avoided to prevent clogging. The main pipe should also 

include a diverter valve to the wastewater pipe in the home. This allows the 

greywater to be diverted to the wastewater system when irrigation is not 

required or desired. An example collection system is shown below in Figure 2. 

  

 A dipper box and plastic dipper should be utilized to help prevent pipe 

clogging. Water enters the box and fills the plastic dipper. Once the dipper is 

full, it tips over and releases water into the pipes that go to the mulch basins 

for subsurface irrigation. The dipper box eliminates low velocities in the pipes 

and, therefore, reduces sedimentation in the pipes. 
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Figure 2. Simple Greywater Collection System for Subsurface Irrigation. The green  

lines represent the greywater collection pipe. The collection system starts in the upstairs 

bathroom and then connects to the main floor in the main bathroom.  

In order for greywater to be used for irrigation without treatment, it must 

be delivered to the vegetation through the subsurface. The easiest way to 

accomplish this is to have the ABS or PVC pipe run to a mulch basin that has 

been created around the vegetation. A mulch basin is a depression that has 

been dug around the vegetation and is then filled with mulch. Mulch basins 

can have an island for plants that are not water loving or that have root rot 

issues. The plant is placed in the island, and the mulch is placed around the 

island. 

 Greywater collection with treatment 

The collection network for this system is similar to the branched 

collection system used for subsurface irrigation. The only difference is that 

instead of taking water out of the house, it is taken to a treatment location 

within the house. The best location for a treatment area is in a basement to 

allow for the collection system to drain by gravity. The water then drains into 

a greywater treatment system. Companies such as Brac Systems and Aqua 2 

Use sell units that treat greywater. The treated greywater must meet the 

quality specified in Table 3 or other applicable state guidelines. A backup 

supply line from the potable system and an overflow line to the wastewater 

system are also required. 

 

Once the greywater is treated, it must be redistributed throughout the 

house, or outdoors for surface irrigation. Redistribution requires the use of a 

pump. Some of the treatment units include a pump. If not, a local pump 

supplier can help you choose an appropriate pump. A pump and pressure 
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tank combination is suggested to keep the pump from short cycling. When 

only a small amount of water is used, the pressure tank supplies the flow 

without turning the pump on. When the pressure in the tank reaches the 

established minimum, the pump turns on and refills the pressure tank.  

The easiest way to redistribute water to toilets, clothes washers, and/or a 

sprinkler irrigation system is to use cross-lined polyethylene (PEX). PEX is 

flexible tubing that is being used in new homes. It is more cost-effective than 

using copper plumbing for water. The pump or pressure tank connects to a 

manifold, which has an individual PEX line running to each point of use. An 

example collection and distribution system is given in Figure3.  

 
Figure 3. Collection and distribution system for greywater treatment and indoor 

reuse. The green lines are the greywater collection system and the purple lines are the 

treated greywater distribution system. Water is collected in the green pipes and 

transported to the greywater storage tank in the basement. The water is treated and then 

stored in another tank before being pumped into a pressure tank and distributed to the 

toilets and washing machine through the purple PEX pipes. 
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7. Greywater Storage 

Most packaged greywater treatment units include storage based on the 

number of people in the building. To design storage independent of a packaged 

treatment system, follow the storage sizing guidelines outlined below. 

 

Long-term storage of untreated greywater should be avoided if possible. 

After 48 hours, the water quality becomes poor and leads to odor and sanitation 

problems. It is better to store greywater after treatment than before. The amount of 

storage is dependent on the production of greywater, the treatment flow rate, and 

the end-use water demand. To size storage tanks, these rates should be measured 

over a typical week. Seasonal variation should also be taken into consideration. If 

more greywater is produced and consumed during a certain season, the system 

should be designed for the corresponding flow rates, while also ensuring that it can 

function properly at lower flow rates during the other seasons. In most scenarios, 

two storage tanks are needed. The first tank collects the greywater and feeds into a 

treatment tank. After the treatment tank, a second storage tank is used to store the 

treated greywater until it is used. 

 

Storage for Untreated Greywater 

To size the untreated greywater storage tank, the greywater production rates 

and the treatment flow rates must be known. The treatment flow rate is usually 

constant. The difference between the production flow rate and treatment flow rate 

is the storage volume. Water can be wasted from the greywater storage tank 

through the overflow valve, if greywater production surpasses the available storage 

volume. Some treatment systems must always be filled with water. If this is the 

case, this constraint must be taken into consideration when sizing the storage tank.. 

A typical untreated greywater storage tank size for a single-family home is 

approximately 75-gallons. 

 

Storage for Treated Greywater 

Storage for treated greywater is based on the flow rate from the treatment 

system and the demand for the treated water in the building. Wasting water from 

the treated storage tank should be avoided, although an overflow system to the 

wastewater system is required. Any water should be wasted from the untreated 

greywater storage tank if possible; this reduces the associated treatment costs. A 

backup line from the potable system must also be connected to the storage tank 

add supplemental water if the tank water level is low. A typical treated greywater 

storage tank size for a single-family home is 65 gallons. 
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8. Greywater Treatment 

Common greywater treatment systems include modified sand filters, 

constructed wetlands, biological systems such as membrane bioreactors (MBR), 

and biologically aerated filters (Zhang et al. 2010). Generally at a minimum, most 

greywater must be filtered and disinfected before reuse. Disinfection can be 

achieved by chlorination or by using ultra-filtration membranes such as membrane 

bioreactors. Other disinfection methods such as ultraviolet light systems are also 

available. Further treatment such as nutrient removal may be needed depending on 

the end use of the treated greywater.  

 

Greywater treatment units are commercially available. Details on some 

units commercially available are located under the Greywater Resources section. 

 

Greywater Resources: 

Basic Greywater Information: 

Ecology Center. http://www.ecologycenter.org/factsheets/greywater.html 

 

Do it yourself subsurface greywater irrigation, installing greywater collection system, 

common errors to avoid when implementing greywater reuse: 

Art Ludwig. Create an Oasis with Greywater: Choosing, Building, and Using 

Greywater Systems. Revised and Expanded Fifth Edition. 2009. Available from 

www.oasisdesign.net 

 

Greywater irrigation using a pump system: 

Flotender. http://www.flotender.com/ 

Aqua 2 Use. http://www.aqua2use.com/ 

ReWater Systems. http://rewater.com  

 

Greywater treatment for indoor reuse: 

Aqua 2 Use. http://www.aqua2use.com/ 

Brac Systems. http://www.bracsystems.com/ 

 

Greywater from bathroom sink to toilet flush water: 

AQUS® Greywater Recycling System. http://www.watersavertech.com/AQUS-

Water-Conservation.html 

Sloan Aqus System. 

http://www.sloanvalve.com/Water_Efficiency/AQUS_Greywater_Systems.aspx 

 

 

 

http://www.ecologycenter.org/factsheets/greywater.html
http://www.oasisdesign.net/
http://www.flotender.com/
http://www.aqua2use.com/
http://rewater.com/
http://www.aqua2use.com/
http://www.bracsystems.com/
http://www.watersavertech.com/AQUS-Water-Conservation.html
http://www.watersavertech.com/AQUS-Water-Conservation.html
http://www.sloanvalve.com/Water_Efficiency/AQUS_Greywater_Systems.aspx


168 

 

 

 

Selecting detergents and plants best suited for greywater harvesting, Arizona guidelines  

Harvesting Rainwater for Drylands and Beyond. Brad Lancaster. 

http://www.harvestingrainwater.com/ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.harvestingrainwater.com/
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RAINWATER SYSTEMS 

Rainwater harvesting is not a new concept. It has been utilized in dry climates for 

thousands of years. Rainwater is a free water source with only treatment and storage 

costs. Harvesting of rainwater augments groundwater supplies by reducing the quantity of 

water withdrawn, and reduces stormwater runoff. In urban areas, rainwater harvesting 

reduces non-point pollution and erosion. Water collected from rainwater harvesting can 

be used for non-potable indoor uses. With proper treatment, the water can also be used 

for potable purposes. Rainwater harvesting is also generally more economical than 

expanding the public water supply (Aladenola and Adeboye 2010; Texas Water 

Development Board 2005). Combining widespread rainwater harvesting with other 

technologies has the potential to reduce greenhouse gas emissions by reducing the size of 

water storage reservoirs and reducing the quantity of water that needs to be treated 

(Aladenola and Adeboye 2010). 

Collection of Rainwater 

Rainwater can be harvested from any surface. The most common system is roof -

based collection. The amount of water that can be collected is dependent on the area of 

the roof, amount of rainfall, and storage capacity (Aladenola and Adeboye 2010; Texas 

Water Development Board 2005). Rainwater from residential roofs is considered safe for 

most residential uses (Zhang et al. 2010). An Australian study reported a savings of 

12.3% to 25.1% in potable water use when harvested rainwater was used for toilet 

flushing and lawn irrigation. Residential use of rainwater in this study decreased the 

stromwater runoff by 23.4% to 48.1% (Zhang et al. 2010). 

Rainwater Quality 

The quality of rainwater is impacted by the age and cleanliness of the catchments, 

gutters, pipes, and storage tanks as well as the atmospheric conditions. Maintenance of 

the rainwater harvesting system before storms greatly improves the water quality (Lee et 

al. 2010). A summary of typical rainwater quality parameters is listed in Table 6. 

Table 6. Rainwater Quality 

 

(Appan 1999) (Lee et al. 2010) 

Parameter Rainwater1 

Harvested 

Rainwater2 

Rainwater2 

pH 4.1 (0.4) 7.3 (6.7-7.8) 5.3 (4.3-6) 

Colour 8.7 (9.9) 

 

 

Turbidity (NTU) 4.6 (5.7) 

 

 

TSS (mg/L) 9.1 (8.9) 

 

 

TDS (mg/L) 19.5 (12.5) 88 (40-230) 7.6 (3.4-52.1) 

Hardness as CaCO3 (mg/L) 0.1 (0.3) 

 

 

PO4 as P (mg/L) 0.1 (0.6) 
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Parameter Rainwater1 

Harvested 

Rainwater2 

Rainwater2 

Total coliform (MPN/100mL) 92.0 (97.1) 

70 CFU/100 

mL 

ND3 

Faecal coliform (MPN/100mL) 6.7 (8.9) 

 

 

Conductivity (μS/cm)   170 (50-340) 30 (50-340) 

Nitrate (mg/L) 

 

6.8 (2.9-9.8) 2.2 (0.6-4.2) 

NH4+ (mg/L)   

0.09 (0.06-

0.39) 

0.02 (0.0-0.05) 

Phosphate   0.02 (0-0.04) ND 

Chloride (mg/L)   7.5 (5-18) 3.0 (1.1-10) 

Calcium (mg/L)   

6.4 (3.24-

15.4) 

1.6 (0.17-3.82) 

Magnesium (mg/L)   

1.2 (00.5-

2.7) 

0.22 (0.04-0.62) 

Sodium (mg/L)   3.2 (2.2-6.1) 1.1 (0.24-4) 

Potassium (mg/L)   3.1 (1.3-5.9) 2.1 (0.16-6.5) 

Sulfates (mg/L)   4.1 (2-7.2) 2.4 (1-6.2) 

Mn (μg/L)   115 (70-170) 40 (20-80) 

Pb (μg/L)   27 (10-40) 20 (10-40) 

Cu (μg/L)   85 (70-120) 35 (20-80) 

Cr (μg/L)   4.5 (0-10) 1 (0-5) 

Cd (μg/L)   1.5 (0-4) ND 

As (μg/L)   3 (0-6) ND 

Zn (μg/L)   

160 (120-

280) 

60 (40-90) 

Al (μg/L)   

225 (100-

400) 

100 (50-240) 

E. coli (CFU/100mL)   10 (0-60) ND 

  1 Values are means, values in parentheses are standard deviations 

  2 Values are medians, values in parentheses are ranges 

  3 No dectection 

  

 Treatment for rainwater is dependent on local guidelines. The City and County of 

San Francisco, CA allows for toilet flushing with untreated greywater. In Portland, OR, 

rainwater must be filtered before using for non-potable indoor uses. Texas requires both 

filtration and disinfection before the water can be used indoors for non-potable demands. 

Germany showed that the risk of human mouth contact with E. coli from toilet flushing 

was almost non-existent. As a result, it was recommended that disinfection is unnecessary 



171 

 

 

 

for rainwater used for non-potable purposes (Kloss 2008). The minimum treatment 

guidelines and treatment options for stormwater reuse are given in Table 7.  

 

Table 7. Minimum Water Quality Guidelines and Treatment Options for 

Stormwater Reuse 

Use Minimum Water Quality 

Guidelines 

Suggested Treatment Options 

Potable indoor uses  Total coliforms – 0 

 Fecal coliforms – 

0  

 Protozoan cysts – 

0  

 Viruses – 0 

 Turbidity < 1 NTU 

 Pre-filtration – first flush 

diverter 

 Cartridge filtration – 3 

micron sediment filter 

followed by 3 micron 

activated carbon filter 

 Disinfection – chlorine 

residual of 0.2 ppm or UV 

disinfection 

Non-potable indoor 

uses 

 Total coliforms < 

500 cfu per 100 

mL 

 Fecal coliforms < 

100 cfu per 100 

mL 

 Pre-filtration – first flush 

diverter 

 Cartridge filtration – 5 

micron sediment filter 

 Disinfection – chlorination 

with household bleach of 

UV disinfection 

Outdoor uses N/A  Pre-filtration – first flush 

diverter 

*cfu – colony forming units 

*NTU – nephelometric turbidity units  

From: (Kloss 2008) 

Rainwater Quantities 

Rainwater is typically collected from the roof of a building (Novotny et al. 2010). 

The quantity of rainwater collected depends on the size of the roof, the capture efficiency, 

and the amount of rainfall a region receives. A rule of thumb number for rainwater 

harvesting is that a rainfall of 1 inch (25.4 mm) on a 1000 square foot (92.9 square 

meters) house results in 600 gallons (2271 liters) of water being collected (Kloss 2008).  

Rainwater Use 

Research has established that water collected from roofs is of acceptable quality 

to be used for toilet flushing, and outdoor uses (Coombes and Barry 2007). Potable use 

from rainwater is possible but on-site treatment is needed. Rainwater is best used for non-
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potable purposes such as irrigation, toilet flushing, and HVAC make-up water (Texas 

Water Development Board 2005; Kloss 2008). 

Health Concerns Associated with Rainwater Use 

The health concerns associated with rainwater risk are quite low as long as proper 

treatment methods are used. The use of filter systems before rainwater enters the cistern 

helps to eliminate debris and dust from entering the cistern and is suitable for non-potable 

use. If the harvest rainwatered is used for potable water, the water must be treated to 

eliminate sediment and disease-causing pathogens. Typical treatment consists of filtration 

and disinfection (Texas Water Development Board 2005) . 

Design Considerations 

 The quality of harvested rainwater is dependent on the surface it is collected from. 

The more debris and contaminants on the collection surface the lower the quality of the 

collected water. Therefore, the collection surface, usually a roof, should be maintained 

during dry periods to reduce the amount of contaminants present on the roof surface. The 

material of the collection surface is also very important. Some metals such as copper 

leach into the water and increase the concentrations of metals in the rainwater, which can 

have negative impacts depending on the end-uses of the water. Baked-on enamel, 

galvalume, and galvanized steel are all acceptable roofing materials for rainwater 

harvesting. In addition, elastomeric paints have been approved for rainwater harvesting 

systems (Lancaster 2011). 

Using gutter covers, downspout filters, and first-flush diverters improves the 

quality of harvested rainwater. Gutter covers help to keep large debris such as leaves and 

twigs out of the gutters. The downspout filters help to remove any debris that passed 

through the gutter cover. The use of first-flush diverters improves the quality of water by 

capturing the first portion of runoff from the roof. This part of the runoff contains the 

highest pollutant load.   

A common mistake with rainwater harvesting is to have too small of a cistern. A 

50 gallon rainwater barrel will not significantly decrease the potable water demand 

regardless if the water is used for irrigation or indoor non-potable uses. Overall, small 

cisterns are more expensive per gallon than larger cisterns (Walker 2010).   

Cisterns can be located above or below ground. In climates where freezing occurs, 

it is wise to locate the cistern below the frost line to ensure that the water does not freeze 

in the cistern. In warmer climates with no freezing, the cisterns can be located above 

ground, which reduces the implementation cost because excavation is not needed. With 

an above ground cistern, the need for a pump may also be eliminated.  
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Rainwater is typically used for non-potable indoor uses and irrigation; however, 

with the proper treatment it can be used for potable purposes.  

Design Process: 

1. Determine end use-goals 

 What is the intended use for the harvested rainwater? 

o Irrigation 

o Toilet flushing 

o Clothes washing 

o Potable use 

 

2. Determine catchment area. 

The amount of rainwater that can be harvested is dependent on the 

catchment area. The catchment area for most buildings is the roof. Only the plan 

area is of concern, not the actual surface area of the roof. 

 

3. Determine catchment and cistern materials. 

If you are installing a rainwater harvesting system on a current house 

make sure the materials used for the roof, valleys, gutters, and downspouts, will 

not contaminate the water. Baked on enamel, galvalume, and galvanized steel, 

and slate are all acceptable roofing materials for rainwater harvesting. In addition, 

elastomeric paints have been approved for rainwater harvesting systems. PVC is 

acceptable to use as a pipe material where needed (Texas Water Development 

Board 2005). Materials acceptable for cistern use include high-density linear 

polyethylene, polypropylene, among many others (RainHarvest Systems 2011).  

 

Materials such as clay/concrete tile, composite, asphalt, or wood shingles, 

tar, and gravel are not ideal for rainwater harvesting. Clay and concrete tile are 

porous, which can lead to reduced runoff collection due to inefficient flow, 

texture, or evaporation. Clay and concrete tiles might also have toxins that leach 

from the sealant or paint. If the proper type of paint is used, the surface is safer 

because it will prevent potential bacterial growth on the porous surface.  

Composite or asphalt shingles should only be used to collect water for irrigation 

because of the leaching of toxins. Composite roofs also have a 10% loss of water 

due to evaporation or inefficient flow. Similarly, wood shingles, tar, and gravel 

roofs should only be used for irrigation because of possible leaching of 

compounds (Texas Water Board 2005).  
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4. Determine water demands for end-use goals. 

For irrigation, speak with a local nursery to determine the water 

requirements for the vegetation to be irrigated. Another way to calculate the 

irrigation demand is to determine the evapotranspiration rates for the vegetation 

(Gardels 2011). Ludwig (2009) also gives estimates for irrigation demand. 

If the rainwater is going to be used indoors, the values given in Table 1 

and Table 2 can be used to calculate the demand.  

 

5. Size the rainwater cistern. 

The size of the rainwater cistern is based on the amount of rainfall, rainfall 

patterns, and the end-uses for the harvested water. North Carolina State 

University has developed a computer program that can be used to assist in sizing 

rainwater cisterns. The link is listed in the rainwater resources section. Lancaster 

(2011) also suggests how to calculate the size of cistern required based on 

occupancy, daily water use, and the number of days without rain. A link to his 

website is also listed under the rainwater resources section. 

 

6. Determine the location for the rainwater cistern. 

First, decide if the cistern will be located above or below ground. Consider 

the location of downspouts, overflow connections, and where the water will be 

used. Locating a cistern close to where the water will be used reduces the 

pumping costs, and increases the likelihood of being used. An underground 

cistern should be located at least 50 feet (15.25 m) from septic fields or 

wastewater application areas. Also, consider any community regulations or 

Homeowner Association rules. Finally, do not place a cistern over buried pipes, 

septic tanks, or drain fields. Separation between underground cisterns and 

structures should also be maintained (Walker 2010). 

 

7. Size the collection system. 

The gutters, downspouts, and first flush systems must also be sized based 

on the climate and size of catchment area. The National Standard Plumbing Code, 

states that the gutters and downspouts must be sized to handle a 100 year return-

period, 60 minute duration storm (Plumbing-Heating-Cooling Contractors 

Association 2006). This rule also applies to underground pipe used to convey 

water to an underground cistern. The code lists the corresponding intensity for a 

100 year, 60 minute duration storm for cities in the United States. It also gives 

instructions and tables on how to size the drainage system. 

 

The size of the first-flush diverter is dependent on the size of the roof. 

Typically 0.01 gal/ft
2
 is diverted. Companies such as RainwaterHarvest, LLC sell 
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3-inch and 4-inch diameter aboveground first-flush diverters, and a 12-inch 

underground first-flush diverter. The diverters are sold as a kit that allows the 

homeowner to buy the appropriate length of PVC pipe, which corresponds to the 

volume of water that must be diverted. Table 8 lists the storage capacity for 

various pipe diameters. 

 

Table 8. Storage Capacity of Various Pipe Diameters 

Pipe Diameter Storage Capacity 

in mm gal/ft l/m 

3 76.2 0.384034 4.77 

4 101.6 0.661312 8.21 

12  304.8 5.814633 72.21 

 

8. Design the distribution system. 

The design of the distribution system is dependent on the end-uses 

selected for rainwater harvesting. For irrigation, the pump must be connected to 

the irrigation pipe network such as drip irrigation pipes. For indoor use, the pump 

or pump pressure tank combination should be connected to a manifold. From the 

manifold the water can be distributed through the building through cross-linked 

polyethylene (PEX). An example of a rainwater distribution system in a house is 

shown in Figure 4. 
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Figure 4. Example of indoor distribution system for Rainwater. The purple lines 

represent the PEX pipe delivering rainwater collected in the underground cistern to the 

toilets and washing machine in the house. 

 

9. Size the pump for water distribution. 

In some situations, the water can be distributed by gravity flow. However, 

in most cases, a pump is required. The size of the pump is dependent on many 

variables in the system including the end-uses and the location of the cistern. A 

pressure tank and pump combination can be used or an on-demand pump can be 

used to eliminate the pressure tank (Walker 2010). Links given in the rainwater 

harvesting resources can help with pump sizing as can a local pump supplier.  

Rainwater Harvesting Resources 

Basic Rainwater Harvesting information: 

American Rainwater Catchment Systems Association. http://www.arcsa.org 

 

Commercial Rainwater Harvesting: 

Skyharvester. http://www.skyharvester.com 

 

http://www.arcsa.org/
http://www.skyharvester.com/
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Filters, first-flush diverters, pumps, cisterns and information on installing a rainwater 

harvesting system: 

Rainwater Harvest. http://www.rainharvest.com 

 

Online forum for rainwater harvesting: 

http://www.harvesth2o.com/ 

 

Implementing rainwater harvesting, list of suppliers for all materials needed for rainwater 

harvesting, links to additional helpful resources: 

Harvesting Rainwater for Drylands and Beyond. Brad Lancaster. 

http://www.harvestingrainwater.com/ 

 

Model to assist in sizing rainwater cistern: 

Rainwater Harvesting at NCSU. 

http://www.bae.ncsu.edu/topic/waterharvesting/model.html 

 

Information on rainwater harvesting components, sizing the system and guidelines: 

The Texas Manual on Rainwater Harvesting. 

http://www.twdb.state.tx.us/publications/reports/rainwaterharvestingmanual_3rde

dition.pdf 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.rainharvest.com/
http://www.harvesth2o.com/
http://www.harvestingrainwater.com/
http://www.bae.ncsu.edu/topic/waterharvesting/model.html
http://www.twdb.state.tx.us/publications/reports/rainwaterharvestingmanual_3rdedition.pdf
http://www.twdb.state.tx.us/publications/reports/rainwaterharvestingmanual_3rdedition.pdf
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