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1 Executive summary

The pressing need for sustainable freshwater supplies has increased the use of roof-based
rainwater collection systems for potable applications. Although rainwater harvesting systems can
be simple and inexpensive to construct, various sources of contamination within the collection
system can negatively affect water quality. In addition to environmental factors (e.g., seasonal
variations) that affect rainwater quality, harvested rainwater quality is affected by the roofing
material on the catchment surface. The main objective of this research was to provide
information to the rainwater harvesting community in Texas regarding the impact of roofing
material on harvested rainwater quality.

In this study, five pilot-scale roofs (asphalt fiberglass shingle, Galvalume® metal, concrete tile,
cool, and green) and three full-scale residential roofs (two asphalt fiberglass shingle and one
Galvalume® metal) were equipped with rainwater sampling devices to collect the “first flush”
and water after the first flush. The harvested rainwater was collected from multiple rain events
and analyzed for the following parameters: pH, conductivity, turbidity, total suspended solids
(TSS), total coliform (TC), fecal coliform (FC), nitrate, nitrite, total organic carbon (TOC),
dissolved organic carbon (DOC), selected synthetic organic compounds, and selected metals.

Generally, the first flush contained the highest concentrations of microbial and chemical
contaminants in comparison to the subsequent collection tanks, indicating that the quality of
harvested rainwater improved with roof flushing. However, the rainwater harvested after the first
flush did contain some contaminants at concentrations above United States Environmental
Protection Agency (USEPA) drinking water standards (i.e., turbidity, TC, FC, iron, and
aluminum). This indicates that harvested rainwater must be treated prior to potable use.

Based on the pilot- and full-scale studies, none of the roofing materials emerged as clearly
superior to the others in terms of the quality of the rainwater harvested after the first flush. From
our limited data set, green roofs do not appear to be the best candidates for rainwater harvesting
for indoor domestic use if the harvested rainwater is disinfected with chlorine. Although the
rainwater harvested after the first flush from the green roof consistently had the lowest values of
TSS, turbidity, nitrite, aluminum, iron, copper, and chromium, it also had the highest values of
DOC; if disinfected by chlorination, the high DOC concentrations could lead to high
concentrations of disinfection by-products.

While metal and tile roofs are commonly used for rainwater harvesting in developed countries,
our limited data set suggests that asphalt fiberglass shingle and cool roofs also might be
considered for this purpose given the quality of harvested rainwater that they produced;
additional studies of asphalt fiberglass shingle and cool roofs are needed to provide a robust data
set on harvested water quality.
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2 Introduction

Water scarcity has become a serious problem due to increased urbanization, frequent droughts,
and changing climate patterns. Rainwater harvesting systems are one way to address the
worldwide increase in demand for safe water. In the United States, water conservation has
resulted in the construction of 100,000 residential rainwater harvesting systems (Lye, 2002).
Although rainwater harvesting systems can be simple and inexpensive to construct, various
sources of contamination within the collection system can negatively affect water quality.

Contamination in harvested rainwater is affected by roof type, including roofing materials, slope,
and length (Kingett Mitchell, 2003; Yaziz et al., 1989). Due to the acidic nature of ambient
rainwater, chemical compounds from roofing materials may leach into the harvested rainwater
(King and Bedient, 1982). Specifically, heavy metals such as cadmium, copper, lead, zinc, and
chromium have been detected in rooftop-harvested rainwater (Quek and Forster, 1993; Lye,
1992; Yaziz et al., 1989). A study conducted in Texas investigated the effect of roofing materials
on the quality of rooftop-harvested rainwater (Chang and Crowley, 1993) from 4 roof types and
showed that a wooden shingle roof yielded the worst water quality and a terra cotta clay roof
yielded the best. In the same study, it was reported that 7 metal concentrations in harvested
rainwater exceeded the United States Environmental Protection Agency (USEPA) surface water
quality standards (Chang and Crowley, 1993). In addition, Simmons et al. (2001) examined
harvested rainwater quality from 125 residential roofs in New Zealand and found that less than
2.4% of the samples exceeded drinking water standards for zinc and copper. The same study
showed that 14% of the samples exceeded drinking water standards for lead, which was
attributed to the roofs in the study that were coated with lead-based paint. Other studies showed
that older roofs leach more metals, suggesting that the age of the roof can negatively impact the
quality of harvested rainwater (Chang et al., 2004). Although several additional studies in other
countries have examined the effect of roofing material on harvested rainwater quality, domestic
studies of the effect of roofing material on harvested rainwater quality might be more useful
because roofing materials, coatings, and building practices vary globally.

In addition to leaching chemicals, rooftops also can release contaminants that accumulate during
dry and wet deposition, such as organic compounds (Chang et al., 2004). Studies have detected a
range of organic compounds in ambient rainwater samples, including polycyclic aromatic
hydrocarbons (PAHSs) and pesticides, with concentrations exceeding USEPA drinking water
standards (Basheer et al., 2003; Polkowska et al., 2000). Ambient rainwater also is susceptible to
contamination by microbial aerosols; urban aerosols have recently been shown to contain up to
1,800 different types of bacteria, which is comparable to the diversity of bacteria found in soils
(Brodie et al., 2006). Deposition of fecal microorganisms on rooftops from animals such as birds,
lizards, and squirrels is problematic as well (Ahmed et al., 2008; Crabtree et al., 1996).
Researchers have detected total coliform (TC), fecal coliform (FC), Salmonella spp.,
Campylobacter, Escherichia coli, Cryptosporidium, and Giardia in rainwater storage tanks
(Ahmed et al., 2008; Texas Commission on Environmental Quality [TCEQ], 2007; Lye, 2002;
Simmons et al., 2001; Gould, 1999; Crabtree et al., 1996; Lye, 1987). This is an indication that
rainwater harvesting systems have the potential to transmit microorganisms that can cause
gastrointestinal illness in humans. Leaf litter and bacterial and algal growth in gutter seams also
contribute to elevated microbial concentrations in roof runoff. Additionally, previous studies
have shown that contamination in roof runoff is affected by the length of time between rain
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events (Yaziz et al., 1989), season (Jones and Harrison, 2004; Lighthart, 2000; Forster, 1998),
land use (Bucheli et al., 1998), roof orientation to sunlight and wind direction (Evans et al.,
2007; Evans et al., 2006), rainfall pH, rainfall intensity, and rainfall quantity (Yaziz et al., 1989).

The main objective of this research was to provide information to the rainwater harvesting
community in Texas regarding the impact of roofing material on harvested rainwater quality. In
Task 1, we identified roofing materials that are commonly used in Texas and those that are
commonly recommended in Texas for rainwater harvesting. In Task 2, we examined the quality
of rainwater harvested from pilot-scale roofs constructed with traditional materials (i.e., asphalt
fiberglass shingles, galvanized metal, concrete tiles) and alternative materials (i.e., green and
cool roofs). In Task 3, we examined the quality of rainwater harvested from three existing full-
scale residential roofs (i.e., asphalt fiberglass shingle and galvanized metal).

3 Task 1. Survey of roofing materials commonly used in Texas

A survey was conducted to determine which residential roofing materials are most commonly
used in Texas and what products are used to adhere, seal, or coat roofing materials. To complete
this task, contact information for 71 roofing contractors was collected from the National Roofing
Contractors Association (NRCA) and the Midwest Roofing Contractors Association (MRCA);
the list of contractors is summarized in the Appendix (Table 9-1). Forty-five percent of the
contractors agreed to participate, yielding a total of 23 residential and 9 commercial roofing
contractors who participated in the survey. A summary of the survey questions and answers are
provided in the Appendix (Table 9-2). According to the survey, all commercial and residential
roofing contractors confirmed that self-adhesive asphalt fiberglass shingles are the most
commonly used residential roofing material in Texas, being used on more than 80% of
residential roofs (Jason Wright, personal communication, 2008); nails also are used to fasten the
shingles. According to the survey, the second most commonly used residential roofing material
in Texas is a type of metal roof called Galvalume®, which is usually fastened with nails. In
addition to asphalt fiberglass shingle and metal roofs, it was reported that concrete roofing tiles
are used in Texas. The top of the concrete tiles is fastened with nails. When asked what roofing
materials should be recommended for rainwater harvesting, more than 80% of the contractors
said that metal roofs should be used.

To investigate the chemical composition of each roofing material, several material safety data
sheets (MSDS) were retrieved from manufacturers that were recommended by the commercial
and residential contractors. According to the MSDS by Tamko, asphalt fiberglass shingles
contain (by weight) <30% asphalt, <65% limestone, <40% mineral granules, <8% fiberglass, and
<2.4% formaldehyde (Tamko, 2007)." This chemical composition is comparable to that listed in
the MSDS by GAF-EIk, which states that asphalt fiberglass shingles contain (by weight) 10-30%
asphalt, 25-45% limestone, 20-45% granules, and a fiberglass mat (1-3%) (GAF-EIk, 2008). In
the toxicological information section of the Tamko MSDS, it is reported that shingles may
contain small amounts of PAHs; some PAHSs have been classified as carcinogenic (Barone et al.,
1996), including benzo(a)pyrene, which has been identified in asphalt fumes.

According to the MSDS by MonierLifetile Manufacturing, concrete tile is composed of (by
weight) 20-30% cement, 50-60% sand and aggregate, 0-5% limestone, and 0-8% acrylic polymer

! Note that the amount of each material listed is shown as “less than™ a threshold value. Thus, these threshold values
do not add up to 100%.
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(MonierLifetile, 1999). In addition, concrete tiles contain a mixture of metal pigments, including
cobalt, chromium, and titanium, each ranging between 0-3% (MonierLifetile, 1999).

According to the MSDS by Dofasco, Galvalume® sheets contain (by weight) approximately
95% iron, <1.65% manganese, <1.1% chromium, and <0.12% nickel (Dofasco, 2007). In
addition, Dofasco reports that the Galvalume® coating is composed of approximately 43% zinc
and 55% aluminum. Variations of this chemical composition are reported by other
manufacturers; BlueScope Steel reports that Galvalume® sheets contain (by weight) 1-10% zinc,
1-10% aluminum, and the remainder is composed of iron (BlueScope Steel, 2003); the United
States Steel Corporation (USS) reports that Galvalume® sheets contain (by weight) <92% iron
and a variety of alloying elements, including aluminum, copper, silicon, sulfur, and manganese,
at <1.15% each (USS, 2004). These three manufacturers report that chromium is used as a
metallic coating for surface treatment. As a result, it is possible that Galvalume® roofs might
leach several types of metals.

Based on the composition of the roofing materials described above, we selected a range of
volatile and semi-volatile organic compounds and metals for analysis in rainwater runoff for
Tasks 2 and 3.

4 Task 2. Pilot-scale test roofs

Based on the results of Task 1, three roofing materials were selected for the construction of pilot-
scale roofs: GAF-EIK’s asphalt fiberglass shingle, Berridge’s Galvalume® standing seam metal
(in which the panels are seamed together to run vertically from the roof's ridge), and
MonierLifetile’s concrete tile. Three wooden frames were installed at the Lady Bird Johnson
Wildflower Center (Austin, Texas), with roofs (8 feet [ft] x 4 ft) at an 18.4°-angle from the
horizontal (Figure 4-1). In addition, the runoff was sampled from a pilot-scale green roof and a
pilot-scale cool roof that were already in place at the Lady Bird Johnson Wildflower Center. The
flat green roof contained a substrate, drainage layer, and membrane root barrier as described
previously by Simmons et al. (2008) for a Type E green roof. The flat cool roof consisted of a
white, acrylic-surfaced, 2-ply atactic polypropylene (APP) modified bituminous membrane
(Simmons et al., 2008). All of the pilot-scale roofs were exposed to the same natural
environment and were therefore subject to the same atmospheric deposition, ultraviolet radiation,
temperature changes, and rainfall intensity. Although all five roofs were exposed to the same
environment, the lack of a slope on the green roof and the cool roof could have affected the
quality of harvested rainwater because slope has previously been shown to affect harvested
rainwater quality (TCEQ, 2007; Kingett Mitchell, 2003).
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Figure 4-1. Pilot-scale roofs. (From left to right: asphalt fiberglass shingle, Galvalume®, concrete tile)

It is recommended that the first flush divert a minimum of ten gallons (gal) for every 1,000
square feet (ft) of collection area (TWDB, 2005), where the collection area is the area of the
roof footprint. Since the roof collection areas used in this task were approximately 30.4 to 36.6
ft? (metal, shingle, and tile roofs: 7.6 ft by 4 ft; cool and green roofs: 6.56 ft by 5.58 ft), we
diverted slightly more than 0.5 gal (2 liters [L]) to ensure that the minimum recommendation for
first flush volume was met. The collection tank volumes were determined based on the
estimation that 1 inch (in) of rain will result in 0.5 gal of collected water for every square foot of
roof footprint area (TWDB, 2005). Therefore, we estimated that the metal, shingle, tile, and cool
roof systems could collect at least 7.6 gal (about 28.8 L) for a 0.5-in rain event. Assuming 34%
rainwater retention for the Type E green roof (Simmons et al., 2008), we estimated that the green
roof could collect at least 6 gal (about 22 L) for a 0.5-in rain event. The average rainfall in the
Austin area was approximately 1 in for the majority of rain events in 2009.

To collect rainwater, the base of each roof was equipped with a sampling device that was
inserted into an aluminum gutter (Figure 4-2). This insert consisted of a clean 3-in diameter
polyvinyl chloride (PVC) pipe (potable quality) cut lengthwise in half and fitted with end caps.
Three-quarter-in diameter PVC pipe was used to direct the collected rainwater from the sampling
insert to a passive collection system that consisted of a 2-L tank to collect the “first flush” and
two 10-L polypropylene tanks in series to collect water after the first flush (henceforth called the
first flush, first and second tanks). Once the capacity of the tanks was reached during a rain
event, any additional rain exited the system through an overflow spout. In addition, the site was
equipped with a separate sampler to collect ambient rainwater (without roof exposure) to assess
background pollutant concentrations in the rainwater (Figure 4-3). This sampler consisted of an
18-in diameter polyethylene funnel attached to a 10-L polypropylene tank; the ambient sampler
was kept closed until the night before a rain event.
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-inch diameter PVC

Figure 4-2. Sampling device for pilot-scale roofs.

Figure 4-3. Ambient sampling device.

The construction of three new pilot-scale roofs was completed on April 9, 2009. Samples were
collected from rain events on April 18, 2009, June 11, 2009, July 23, 2009, and September 11,
2009 (Table 4-1). Samples were retrieved immediately after each rain event and analyzed in the
laboratory. Between events, each sampling tank was thoroughly washed with Alconox detergent,
rinsed thoroughly with deionized water, and autoclaved. The remaining pieces of the field
sampler (e.g., PVC piping and funnel) were scrubbed and rinsed with deionized water on site.
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Table 4-1. Description of rain events for pilot-scale roof studies.

Date Rainfall (in) Temperature(°F) Number of preceding dry days
4/18/2009 1.4 63-82 4

6/11/2009 1.2 71-98 8

7/23/2009 11 74-101 14

9/11/2009 1.3 72-80 5

For the first 3 rain events, the ambient rain, first flush, and first and second tanks were analyzed
in triplicate for pH, conductivity, turbidity, total suspended solids (TSS), dissolved organic
carbon (DOC), metals (total metals = dissolved + particulate), total coliform (TC), and fecal
coliform (FC). Nitrate (NO3’) and nitrite (NO") were measured once for each sample. For the
fourth rain event, the first flush and ambient rain samples were analyzed for pesticides and PAHs
(Appendix: Table 9-3). Table 4-2 summarizes the analytical methods that were used, and Table
4-3 lists the preservation methods and storage times for each type of sample.

Table 4-2.  Analytical methods.

Parameter Meter/method type Source

pH Potentiometry Corning pH meter 230 Standard Methods (1998)
Conductivity Radiometer Copenhagen conductivity MeterLab CDM230 Copenhagen radiometer
Turbidity Hach turbidity meter model 2100A Hach (2003)

TSS Filtration Standard Methods (1998)
TC M-endo broth Standard Methods (1998)

FC FC agar Standard Methods (1998)
Nitrate Colorimetric; chromotropic acid Hach (2003)

Nitrite Colorimetric; diazotization Hach (2003) EPA method 8507
PAHSs and pesticides Methods SW8270 and SW8081/8082 (Appendix: Table 9-3)  DHL Analytical Laboratories
DOC Tekmar Dohrmann Apollo 9000 Standard Methods (1998)
Metals Inductively coupled plasma mass spectrometry Standard Methods (1998)
Table 4-3. Sample preservation and storage.

Parameter Preservation Maximum holding time

pH None required

Conductivity None required

Turbidity None required

TSS None required

TC Store at 4°C

FC Store at 4°C

Nitrate Acidify to pH < 2; store at 4°C
Nitrite Store at 4°C

PAHSs and pesticides Store at 4°C

DOC Acidify to pH < 2; store at 4°C
Metals Acidify to pH < 2; store at 4°C

N/A

N/A

N/A

N/A

6-8 hours
6-8 hours
28 days
48 hours
7 days
14 days
14 days

N/A: not applicable; analysis was conducted immediately.

As an example rain event, the data from the April 18, 2009 event are shown graphically (Figures
4-4 through 4-15). Since pH, conductivity, turbidity, TSS, DOC, metals, TC, and FC were
measured in triplicate, the average of the triplicate measurements (with error bars representing
standard deviation or 95% confidence limits) are shown in the plots. Since single measurements
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were made on each sample for nitrate and nitrite, no error bars are shown for those analytes.
These average data from each rain event are tabulated (Tables 4-4 through 4-21) such that the
minimum, median, and maximum values for the 3 rain events are shown.

Figure 4-4 shows the pH of the harvested rainwater from the April 18, 2009 event, and Table 4-4
summarizes the median, minimum, and maximum pH values for the three rain events. The pH of
the harvested rainwater increased from the first flush through the first and second tanks. The pH
of rainwater is approximately 5.7 (TWDB, 2005), and our ambient rain samples had pH values
from 5.5 to 6.7. For all rain events, the pH of the harvested rainwater was higher than that of
ambient rainfall, ranging from 6.0 to 8.2.

For all rain events, the rainwater harvested after the first flush? from the tile roof consistently
yielded higher pH values, while the metal and shingle roofs consistently yielded lower pH
values. However, all pH values were in the near-neutral range. These values are comparable to
other studies of harvested rainwater including Yaziz et al. (1989), which reported pH values of
5.9 t0 6.9, and Simmons et al. (2001), which reported pH values of 5.2 to 11.4.
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Figure 4-4. pH in harvested rainwater from pilot-scale roofs for April 18, 2009 event. Ambient
rainwater had average pH=5.5. Error bars represent standard deviations from triplicate
analyses.

2 It is most important to examine the quality of the rainwater harvested after the first flush since the first flush is
diverted from use. Thus, the discussion in this report generally focuses on the harvested rainwater quality in the first
and second tanks (Fig. 4-2).
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Table 4-4. pH in harvested rainwater from pilot-scale roofs. Median (minimum-maximum) values for
the three rain events are shown.

Roof type First flush Tank 1 Tank 2

Shingle 6.6 (6.4-7.1) 6.7(6.7-6.9) 6.7(6.7-6.9)
Metal 6.9(6.5-7.6) 6.7(6.6-6.8)  6.0(6.0-6.8)
Tile 7.6(7.4-8.2) 7.7(75-8.1) 7.7(7.5-7.7)
Cool 7.1(6.7-8.1)  7.2(6.7-8.0) 7.1(6.8-7.2)
Green 7.3(7.3-7.6) 7.4(7.1-76) 7.5(7.0-7.5)

Ambient rain 6.0(5.5-6.7)

Figure 4-5 shows the conductivity of the harvested rainwater from the April 18, 2009 event, and
Table 4-5 summarizes the median, minimum, and maximum conductivity values for the 3 rain
events. The conductivity of the harvested rainwater decreased from the first flush through the
first and second tanks. Conductivity values in the first flush through the second tank were higher
in the April 18, 2009 rain event. For all rain events, rainwater harvested after the first flush from
the metal roof yielded lower conductivity values as compared to the other roofing materials,
while the green roof yielded higher conductivity values. Conductivity values in the ambient rain
ranged from 18 microSiemens per centimeter (uS/cm) to 61 puS/cm, which are similar to those
measured by Yaziz et al. (1989), ranging from 6 uS/cm to 33 puS/cm.
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Figure 4-5. Conductivity in harvested rainwater from pilot-scale roofs for April 18, 2009 event.

Ambient rainwater had average conductivity=61 pS/cm. Error bars represent standard
deviations from triplicate analyses.
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Table 4-5. Conductivity (uS/cm) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2
Shingle 221(170-344) 41(23-57) 34(18-47)
Metal 86(55-167) 22(10-56) 14(9-31)
Tile 73(68-413) 41(27-180) 39(18-139)
Cool 100(84-184) 35(19-59) 25(11-53)
Green 284(271-343)  253(118-336)  237(137-319)
Ambient rain 23(18-61)

Figures 4-6 and 4-7 show turbidity and TSS of the harvested rainwater from the April 18, 2009
event, and Tables 4-6 and 4-7 summarize the median, minimum, and maximum turbidity and
TSS values for the 3 rain events. Turbidity decreased dramatically from the first flush through
the first and second tanks, with final values of turbidity that were on the same order as that of
ambient rain. Turbidity readings in the first flush through the second tank ranged from 2
nephelometric turbidity units (NTU) to 105 NTU for all rain events, which are comparable to the
4 t0 94 NTU reported in Yaziz et al. (1989). For all rain events, rainwater harvested after the
first flush from the metal, tile, and cool roofs yielded higher turbidity values as compared to
other roofing materials, up to 36 NTU, which might be attributed to their smoother surfaces. The
lowest turbidity values were found in rainwater harvested after the first flush from the green roof,
ranging from 3 NTU to 11 NTU, which is an indication that green roofs can effectively filter out
particles. It is important to note, however, that all roofs yielded higher turbidity values than the 1
NTU maximum recommended for potable use of harvested rainwater (TWDB, 2006), which is
the same as the USEPA’s guideline for filtered surface water (USEPA, 2009). In comparison to
the turbidity values, similar trends were seen for TSS. TSS decreased dramatically from the first
flush through the first and second tanks, with final values of TSS that were close to that of
ambient rain. Yaziz et al. (1989) reported 53 to 276 milligram per liter (mg/L) TSS in harvested
rainwater and 10 to 64 mg/L TSS in ambient rainwater. Our values were similar to these, with
values of 1 to 118 mg/L TSS in the harvested rainwater after the first flush and 7 to 46 mg/L TSS
in ambient rainwater. Similar to turbidity trends, the metal, tile, and cool roofs yielded higher
TSS (4 to 118 mg/L) in the harvested rainwater after the first flush as compared to the other
roofing materials, and green roofs yielded lower TSS (1 to 25 mg/L) in the harvested rainwater
after first flush.

10
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Turbidity in harvested rainwater from pilot-scale roofs for April 18, 2009 event. Ambient
rainwater had average turbidity=4 NTU. Error bars represent standard deviations from

triplicate analyses. Filter system guideline adapted from USEPA, 2009.

Turbidity (NTU) in harvested rainwater from pilot-scale roofs. Median (minimum-
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Figure 4-6.
Table 4-6.
maximum) values for the three rain events are shown.
Roof type First flush Tank 1 Tank 2
Shingle 33(20-41)  16(13-24) 11(8-14)
Metal 96(56-102)  14(12-30) 8(7-9)
Tile 51(44-64)  36(28-36) 6(2-9)
Cool 67(63-105)  20(2-26) 6(2-13)
Green 8(5-15) 6(4-11) 3(3-4)
Ambient rain 4(4-8)

11
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Figure 4-7. TSS in harvested rainwater from pilot-scale roofs for April 18, 2009 event. Ambient
rainwater had average TSS=7 mg/L. Error bars represent standard deviations from
triplicate analyses.
Table 4-7. TSS (mg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.
Roof type First flush Tank 1 Tank 2
Shingle 108(51-123) 44(16-54)  34(12-43)
Metal 251(140-260)  71(44-87)  21(20-44)
Tile 159(91-164) 70(16-80) 34(4-37)
Cool 202(154-238)  93(67-118)  43(4-46)
Green 22(14-32) 19(5-25) 5(1-15)
Ambient rain 24(7-46)

Figure 4-8 shows the nitrate concentrations in the harvested rainwater from the April 18, 2009
event, and Table 4-8 summarizes the median, minimum, and maximum nitrate concentrations for
the 3 rain events. Nitrate concentrations decreased dramatically from the first flush to the first
and second tanks. Nitrate concentrations in the rainwater harvested after the first flush ranged
from 0 to 3.3 mg/L NOs™-N for all rain events, which are below the USEPA drinking water
maximum contaminant limit (MCL) of 10 mg/L NOj3™-N. Other studies reported higher nitrate

12
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concentrations in harvested rainwater, including 420 mg/L NOs™-N in anthropogenically
influenced areas of Florida (Deng, 1998).
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Figure 4-8. Nitrate in harvested rainwater from pilot-scale roofs for April 18, 2009 event. Ambient
rainwater had nitrate=0 mg/L NO3™-N.
Table 4-8. Nitrate (mg/L NOj3-N) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for the three rain events are shown.
Roof type First flush Tank 1 Tank 2
Shingle 5.4(4.7-54) 1.8(0.1-1.8) 0.8(0.0-1.4)
Metal 2.8(1.1-3.7)  1.9(0.0-2.0) 0.9(0.0-1.8)
Tile 3.6(2.9-3.7) 1.8(0.2-2.2) 1.3(0.0-1.3)
Cool 47(1.1-48) 1.7(0.0-2.0) 1.3(0.0-1.5)
Green 2.5(0.6-3.5) 1.8(0.0-3.3) 1.7(0.0-2.0)

Ambient rain 1.4(0.0-2.4)

Figure 4-9 shows nitrite concentrations in the harvested rainwater from the April 18, 2009 event,
and Table 4-9 summarizes the median, minimum, and maximum nitrite concentrations for the 3
rain events. Similar to nitrate, the nitrite concentrations decreased from the first flush to the first
and second tanks. Nitrite concentrations in rainwater harvested after the first flush ranged from
0.00 to 0.04 mg/L NO-N, which are well below the EPA drinking water MCL for nitrite (1
mg/L NO,-N). In the April 18, 2009 rain event, only the first flush of the metal roof yielded a

13
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nitrite concentration higher than the drinking water regulation; this was not reproduced in
subsequent rain events, which showed 0.02 to 0.09 mg/L NO-N in the first flush from the metal
roof.
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Figure 4-9. Nitrite in harvested rainwater from pilot-scale roofs for April 18, 2009 event. Ambient
rainwater had nitrite=0.009 mg/L NO,-N.
Table 4-9. Nitrite (mg/L NO,-N) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for the three rain events are shown.
Roof type First flush Tank 1 Tank 2
Shingle 0.09(0.07-0.21) 0.03(0.02-0.04) 0.02(0.01-0.03)
Metal 0.09(0.02-1.13) 0.02(0.02-0.03) 0.02(0.01-0.02)
Tile 0.05(0.02-0.24) 0.03(0.02-0.04) 0.02(0.02-0.03)
Cool 0.08(0.02-0.34) 0.02(0.00-0.04) 0.01(0.01-0.03)
Green 0.05(0.02-0.05) 0.02(0.01-0.04) 0.02(0.01-0.03)
Ambient rain 0.01(0.00-0.02)

Figure 4-10 shows the DOC concentrations of the harvested rainwater from the April 18, 2009
event, and Table 4-10 summarizes the median, minimum, and maximum DOC concentrations for
the 3 rain events. DOC concentrations in the rainwater harvested after the first flush ranged from
2.3 mg/L to 37.3 mg/L. Most of the data showed that DOC concentrations decreased from the
first flush through the first and second tanks. The shingle roof, however, showed an increasing

14
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trend in DOC concentration from the first flush to the first tank, which was consistent in all rain
events. The green roof consistently yielded the highest DOC concentration in the second tank,
while the metal and cool roofs consistently yielded the lowest DOC concentration in the second
tank. If the water were disinfected by chlorination prior to potable use, higher DOC
concentrations (i.e., from the green roof) would be likely to produce higher concentrations of
disinfection by-products.
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Figure 4-10. DOC in harvested rainwater from pilot-scale roofs for April 18, 2009 event. Ambient
rainwater had average DOC=4.7 mg/L. Error bars represent standard deviations from
triplicate analyses.

Table 4-10. DOC (mg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2
Shingle 0.6(0.1-0.8) 11.3(10.2-15.4)  10.3(10.1-13.4)
Metal 11.9(5.3-30) 3.1(2.8-11.4) 2.7(2.4-7.4)
Tile 9.3(0.4-16.7) 4.5(3.3-11.6) 3.4(3.2-10.1)
Cool 14.6(8.2-17.3) 8.7(2.4-14) 5.6(2.3-5.8)
Green 18.2(17.6-35.3) 28.8(13.5-37.3)  27.3(7.8-35.1)
Ambient rain 4.4(3.4-4.7)

Figures 4-11 and 4-12 show the TC and FC in the harvested rainwater from the April 18, 2009
event, and Tables 4-11 and 4-12 summarize the median, minimum, and maximum TC and FC for
the 3 rain events. TC and FC counts decreased from the first flush to the first and second tanks.

15
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The second tanks always had detectable TC and often had detectable FC, indicating that
treatment would be needed prior to potable use. Green roofs showed lower coliform
concentrations in harvested rainwater after the first flush for the first two rain events (April 18,
2009 and June 11, 2009), with TC concentrations from 7 to 12 colony forming units per one-
hundred milliliters (CFU/100mL) and FC concentrations of <1 CFU/100mL. This was not true of
the third rain event (July 23, 2009), which showed much higher coliform concentrations in the
harvested rainwater from the green roof after the first flush; in that event, TC concentrations
from 833 to 1300 CFU/100mL and FC concentrations from 270 to 390 CFU/100mL were
observed. There is no clear explanation for the inter-event variability in FC and TC
concentrations in the harvested rainwater from the green roof.

Ambient rainwater for all rain events contained TC concentrations from 547 to 648 CFU/100mL
and FC concentrations of 3 to 33 CFU/100mL. Another study (Yaziz et al., 1989) found no TC
or FC in ambient rain collected in the open from one meter from the ground. Our ambient sample
also was collected approximately one meter from the ground, but the sampler was left open
overnight to collect early morning rain events. The higher TC and FC concentrations in our
ambient sample may be due to overnight contamination, including airborne deposition or birds
that might have visited the sampler.

2800
| Shingle
J —<—Metal
- .
S ——Cool
) Green
T
A
£ 1400
hos
©
[X]
T 700
P2
0 —
First flush Tank 1 Tank 2
Figure 4-11. TC in harvested rainwater from pilot-scale roofs for April 18, 2009 event. Ambient

rainwater had average TC=648 CFU/100mL. Error bars represent 95% confidence intervals
from triplicate analyses.
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Table 4-11. TC (CFU/100mL) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for the three rain events are shown.
Roof type First flush Tank 1 Tank 2
Shingle 2433(1500-2470)  800(506-1367)  256(177-733)
Metal 767(450-1053) 550(167-770)  416(117-500)
Tile 1517(1017-1680)  883(709-983)  567(293-783)
Cool 1882(1767-3283)  917(540-1333)  226(150-867)
Green 15(13-1233) 12(9-1300) 8(7-833)
Ambient rain 550(547-648)
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Figure 4-12. FC in harvested rainwater from pilot-scale roofs for April 18, 2009 event. Ambient

rainwater had average FC=15 CFU/100mL. Error bars represent 95% confidence intervals
from triplicate analyses.
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Table 4-12. FC (CFU/100mL) in harvested rainwater from pilot-scale roofs. Median (minimum-
maximum) values for the three rain events are shown.

Roof Type First flush Tank 1 Tank 2
Shingle 113(32-373) 83(10-87) 25(9-32)
Metal 13(7-17) 4(<1-8) <1(<1-6)
Tile 11(10-30) 9(5-20) <1(<1-8)
Cool 35(25-38) 16(10-22) 7(6-8)
Green <1(<1-550) <1(<1-390) <1(<1-270)
Ambient rain 15(3-33)

A total of 9 metals were analyzed in the harvested rainwater, including arsenic (As), cadmium
(Cd), chromium (Cr), copper (Cu), lead (Pb), selenium (Se), iron (Fe), zinc (Zn), and aluminum
(Al). Tables 4-13 to 4-21 summarize the median, minimum, and maximum metal concentrations
for the 3 rain events, and they are compared with the USEPA MCLs or action levels in Table 4-
22. Most of the data showed that metal concentrations decreased from the first flush through the
first and second tanks, with final metal concentrations that were close to those of ambient rain.
As, Cd, and Se were often undetectable: 18 out of 48 samples were below the detection limit of
<0.29 microgram per liter (ug/L) As, 20 out of 48 samples were below the detection limit of
<0.14 ng/L Se, and 40 out of 48 samples were below the detection limit of <0.10 pg/L Cd. By
contrast, Fe and Al concentrations in the harvested rainwater often exceeded EPA secondary
MCLs for drinking water (Table 4-22).

Metal concentrations in the harvested rainwater from our pilot-scale roofs were lower than
values reported in other studies. For instance, Simmons et al. (2001) reported metal
concentrations up to 4500 pg/L Cu (above USEPA action level), 140 pg/L Pb (above USEPA
action level), and 3200 pg/L Zn from galvanized iron roofs. In addition, Chang et al. (2004)
reported that more that 50% of the harvested rainwater samples from terra cotta clay and wood
shingle roofs exceeded the secondary USEPA drinking water standard for Zn and the USEPA
action level for Cu. A possible reason for the lower metal concentrations in rainwater harvested
from our pilot-scale roofs is that they are relatively new materials in comparison to the roofs in
other studies. Overall, as shown in Table 4-22, the rainwater harvested after the first flush from
all pilot-scale roofs in our study did not violate any of the primary MCLs or action levels for
metals.
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Table 4-13. As (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2
Shingle 1.40(0.86-4.20)  <0.29(<0.29-0.67)  0.35(<0.29-0.65)
Metal 0.91(0.58-0.97)  <0.29(<0.29-0.34)  <0.29(<0.29-0.30)
Tile 0.84(0.53-2.69) 0.53(<0.29-1.33) 0.42(<0.29-0.50)
Cool 0.68(0.49-1.06)  <0.29(<0.29-0.42)  <0.29(<0.29-0.17)
Green 4.27(2.98-8.45) 7.75(4.01-7.92) 7.91(3.48-8.38)

Ambient rain 0.14(0.12-0.27)

Table 4-14. Cd (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2

Shingle <0.10(<0.10-0.14)  <0.10(<0.10-<0.10)  <0.10(<0.10-<0.10)
Metal 0.17(<0.10-0.34)  <0.10(<0.10-<0.10)  <0.10(<0.10-<0.10)
Tile <0.10(<0.10-0.20)  <0.10(<0.10-<0.10)  <0.10(<0.10-<0.10)
Cool <0.10(<0.10-0.16) ~ <0.10(<0.10-<0.10)  <0.10(<0.10-<0.10)
Green <0.10(<0.10-<0.10) ~ <0.10(<0.10-<0.10)  <0.10(<0.10-<0.10)

Ambient rain <0.10(<0.10-<0.10)

Table 4-15. Cr (pug/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2
Shingle 3.63(1.60-5.00)  0.20(0.17-1.70)  0.53(0.16-0.66)
Metal 4.24(3.15-12.52)  0.44(0.29-1.61)  0.66(0.16-0.85)
Tile 3.07(1.82-6.59)  1.10(0.48-2.93)  0.83(0.21-0.89)
Cool 1.16(0.69-3.15)  0.53(0.28-0.57)  <0.12(<0.12-0.44)
Green 1.52(0.91-1.61)  0.82(0.46-1.94)  0.86(0.57-1.71)

Ambient rain 0.26(<0.12-0.27)

Table 4-16. Cu (pg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2
Shingle 338.60(283.13-600.30)  34.44(24.43-45.75)  25.71(16.47-72.16)
Metal 9.26(5.12-9.88) 2.51(1.01-4.84) 2.15(1.10-2.58)
Tile 12.11(7.84-36.85) 4.99(3.82-19.05) 5.27(2.52-14.35)
Cool 7.92(6.87-12.80) 2.98(1.54-5.16) 1.28(<0.63-2.11)
Green 8.14(4.10-9.01) 6.07(4.97-6.98) 7.73(3.94-12.39)
Ambient rain 0.98(0.68-11.70)
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Table 4-17. Pb (pg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2

Shingle 2.95(1.02-5.19)  0.85(0.37-0.87)  0.56(0.51-1.19)
Metal 3.94(3.85-6.40)  1.02(0.37-1.08)  0.69(<0.12-2.27)
Tile 7.54(3.22-13.62)  2.13(1.12-8.72)  1.29(0.49-2.89)
Cool 4.97(4.66-11.51)  1.44(1.22-2.49)  0.56(0.50-1.28)
Green® 8.79(6.22-39.69)  5.06(3.04-5.39)  3.52(1.72-4.22)

Ambient rain 0.69(0.66-0.94)

®Note: The elevated lead concentration might have come from the solder in the scupper gutter.

Table 4-18. Se (ug/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2
Shingle 0.70(0.28-1.33)  0.16(<0.14-0.21)  <0.14(<0.14-0.21)
Metal 0.52(0.27-0.91)  0.21(<0.14-0.24)  <0.14(<0.14-0.19)
Tile 0.33(0.22-1.16)  0.22(<0.14-0.37)  0.17(<0.14-0.27)
Cool 0.64(0.38-0.90)  0.16(<0.14-0.23)  <0.14(<0.14-0.22)
Green 0.39(0.30-0.39)  0.35(0.26-0.50) 0.30(0.28-0.50)

Ambient rain 0.15(<0.14-0.16)

Table 4-19. Fe (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2
Shingle 1346.67(348.63-2105.00)  280.13(107.83-342.47)  272.33(201.40-480.93)
Metal 1290.67(742.07-1687.67)  274.40(87.63-323.93) 222.20(40.94-563.00)
Tile 1101.33(747.83-1488.33)  496.07(219.93-761.57)  230.43(75.57-364.47)
Cool 1469.67(520.77-3535.00)  455.27(428.03-721.43)  118.97(114.13-341.80)
Green 85.78(46.59-222.30) 54.47(44.29-78.61) 56.92(54.24-71.65)

Ambient rain 270.80(193.70-1056.00)

20



TWDB Report: Effect of Roof Material on Water Quality for Rainwater Harvesting Systems

Table 4-20. Zn (pg/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.

Roof type First flush Tank 1 Tank 2

Shingle 112.63(82.12-160.57) 34.87(8.25-81.95) 28.22(20.90-84.77)

Metal 753.50(665.57-852.13)  158.83(128.77-272.73) 118.47(77.46-362.13)

Tile 262.80(228.07-542.47) 127.23(96.23-313.67) 91.27(55.60-118.17)

Cool 347.20(271.43-483.33) 121.57(37.93-121.97) 45.45(41.49-98.70)

Green? 347.70(286.40-786.37)  377.03(252.83-525.17)  308.13(248.83-353.27)

Ambient rain 21.35(4.56-108.97)

®Note: The elevated zinc might have come from the solder in the scupper gutter.

Table 4-21. Al (ng/L) in harvested rainwater from pilot-scale roofs. Median (minimum-maximum)
values for the three rain events are shown.
Roof type First flush Tank 1 Tank 2
Shingle 1908.67(435.43-3349.00)  334.33(226.37-374.87)  310.43(230.23-717.80)
Metal 1211.67(850.37-2049.67)  275.13(121.47-472.87)  337.67(73.97-554.87)
Tile 1506.00(764.63-1780.00)  659.13(267.20-939.50)  318.03(139.77-532.13)
Cool 1510.33(961.60-3756.00)  619.23(447.70-847.33)  151.73(150.90-513.17)
Green 224.97(134.73-282.13) 154.57(149.17-182.07)  169.10(112.93-181.87)
Ambient rain 350.83(157.80-558.83)
Table 4-22. Comparison of metal concentrations (ng/L) in harvested rainwater from pilot-scale roofs
with MCLs.
Metal Primary USEPA MCL (ug/L) Range of metal concentrations in first and second tanks
of all roof types (ng/L)
Arsenic 10 <0.29t0 8.38
Cadmium 5 <0.10
Chromium 100 <0.12t02.93
Selenium 50 <0.14 to 0.50
USEPA Action Level (pg/L)
Copper 1300 <0.631t0 72.16
Lead 15 <0.12t08.72
Secondary USEPA MCL (pg/L)
Iron 300 40.94 to 761.57
Zinc 5000 8.25t0 525.17
Aluminum 50-200 73.97 t0 939.50

Figures 4-13, 4-14, and 4-15 show Al, Fe, Cu, Zn, Pb, and Cr concentrations in the harvested
rainwater from the April 18, 2009 event. The As, Cd, and Se data are not presented graphically
since more than half of the samples had concentrations below the detection limits. For all rain
events, rainwater harvested after the first flush from the green roof consistently showed the
lowest concentrations of Al, Fe, Cr, and Cu. For all rain events, the highest Zn concentrations
were seen in the harvested rainwater after the first flush from the green and metal roofs; elevated
Zn concentrations from the green roof might have been from the solder in the scupper gutter. For
the April 18, 2009 rain event, Al and Fe concentrations were highest in the harvested rainwater
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after the first flush from the tile roof; this was not consistent in the other rain events, which
showed the highest Al and Fe concentrations in the harvested rainwater after the first flush from
the shingle and cool roofs. For all rain events, the shingle roof showed the highest Cu
concentrations. The April 18, 2009 rain event showed the highest Pb concentrations in the
harvested rainwater after the first flush for the green roof; this was not representative of
subsequent rain events, which showed lower Pb concentrations. For the green roof, elevated Pb
concentrations might have been from the solder in scupper gutter. In general, the tile and 