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Abstract
Implementation of a non-parametric rainfall simulation method to size rainwater
harvesting systems for stormwater management and irrigation of urban agricultural
facilities
Ajay Sunder
Advisor: Dr. Franco Montalto, Ph.D, PE

Combined Sewer Overflows (CSOs) are one of the biggest problems
associated with stormwater runoff in Philadelphia. Rainwater harvesting (RWH) for
the purpose of storage and non-potable reuse is one of several highly advocated
solutions for reduction of stormwater runoff especially in urban areas. Various RWH
systems have been designed based on simple supply vs. demand water balance
concepts and somewhat more complex parametric rainfall simulation methods.

This project involves the use of a non-parametric rainfall simulation method
incorporated in the Storage and Reliability Estimation Tool (SARET) developed by
Basinger, Montalto, & Lall (2010) to size a RWH system collecting stormwater runoff
from residential roofs at an urban agricultural facility situated at 53 and Wyalusing
Avenue, Philadelphia. Two methods were used to obtain the irrigation requirements
for the urban agricultural facility, one uses the Blaney-Criddle method (Blaney &
Criddle, 1950) while the second uses water consumption bills obtained at the site.
SARET then uses historical daily precipitation data for Philadelphia to develop
storage vs. catchment area reliability curves based on which the desired volume of the
storage facility as well as the catchment area are chosen. During the design phase, a
bioretention facility was preferred as a treatment facility to improve the water quality
of runoff collected from the roofs before application to the crops. Analyzing various
options, StormChamber” developed by Hydrologic Solutions was chosen as a

underground water storage facility. The specifications and construction plans for the



xii
bioretention facility, storage facility and other aspects of the system were then laid out
to enable the final construction.

Once the construction was complete, a preliminary assessment was performed
by estimating the depth vs. volume relationship of the storage facility and conducting
a statistical test on the observed data, based on which it was concluded tentatively that
the system was working as designed. A more in depth analysis, based on a longer
observation period is, however, required for a more conclusive assessment. Finally, a
GIS analysis was performed using planimetrics data in ArcGIS 10.1 that looks at
other residential sites within Philadelphia where a similar system can be replicated

consisting of both the RWH system as well as the agricultural facility.






CHAPTER 1: INTRODUCTION

1.1 Combined Sewer Systems

Stormwater runoff is an integral part of the hydrologic cycle; its volume is
determined on the size of the storm as well as the land cover characteristics (MA
Department of Environmental Protection, MA Office of Coastal Zone Management,
1997). Properties of the surface such as size of the drainage area, the slope as well as
the type of land affect both the quantity and quality of runoff. Urbanization has
resulted in an increase in impervious area (rooftops, roads and parking lots), reducing
the amount of precipitation that can infiltrate and simultaneously increasing runoff. It
was observed that a development that contains 10-20% paved surfaces would result in
an increase in runoff volume by 10% when compared to natural ground cover, while
in the case of 75-100% paved surfaces, an increase of 45% in runoff volume was
observed (Minnesota Pollution Control Agency, 1989). In addition to quantity, water
quality (WQ) is also affected by urbanization. Since impervious areas reduce the
opportunity to treat water by natural processes, various pollutants such as lead,
copper, hydrocarbons and other organics contaminate stormwater runoff from
residential, commercial and industrial areas (Massachussets Department of
Environmental Protection, 1989). Therefore, runoff must be controlled and treated to
reduce pollutants before it is discharged to water bodies.

Many old cities in the United States especially in the Northeast employ the
combined sewer system that consist of a single collection system that conveys both
sanitary sewage and stormwater to municipal wastewater treatment plants where the
combined effluent is discharged to receiving water bodies. When flow within the
collection system exceeds the system capacity, direct discharges of untreated

combined flows to receiving water bodies occur, events known as Combined Sewer



Overflows (CSOs). CSOs are relatively common since they take place even due to
small (<30 mm) storms (Novotny & Olem, 1994). Though, water quality (WQ) has
improved through the containment of point source pollution since the Clean Water
Act of 1970, Non-Point Source (NPS) pollution, including stormwater runoff
especially in urban areas, remains a major WQ problem. To reduce the WQ impacts
of stormwater runoff, EPA expanded the Clean Water Act in 1987 to require
municipalities to obtain permits for discharging stormwater runoff (Center for
Watershed Protection, 2011). Based on this new legislation, EPA advocated the
release of the Stormwater Best Management Practices (BMP) manual for many states
(EPA, 2012), a method to reduce the adverse impacts of development that are defined
in each states stormwater manual. For example the Pennsylvania Stormwater Best
Management Practices (BMP) manual addresses two basic issues using a stormwater
management approach to the land development process: first to prevent or minimize
stormwater runoff through planning, and secondly to employ various structural and
non-structural BMPs to mitigate any potential problems (Pennsylvania Department of
Enironmental Protection, 2006).

One recommended approach for the abatement of CSOs is the use of Low
Impact Development (LID) including Green Infrastructure (GI) such as bioretention
facilities and bioswales that have gained increasing importance as an alternative to
stormwater design in the recent decade (Dietz, 2007). One of the oldest stormwater
management practices is rainwater harvesting that refers to the collection and reuse of
rainfall for potable and non-potable purposes. This practice is also listed as one of the
acceptable stormwater BMPs in Pennsylvania (Pennsylvania Department of
Enironmental Protection, 2006), and is being employed as an efficient method of

stormwater management especially in densely populated urban settings on both large-



scale projects employed in industrial areas and small-scale single-family projects
employed at residential areas.

In urban areas impervious surfaces such as rooftops and pavements are a
major source of the pollutant loads associated with stormwater runoff, though
pollutant concentrations originating on trafficked areas (particularly roads) are much
higher than those originating on residential roofs (Grottker, 1987). For this reason,
stormwater runoff originating on residential rooftops requires simpler treatment than
would be required of runoff originating from trafficked areas such as streets (EPA,

1999).

1.2 Stormwater Management in the City of Philadelphia

Like many other cities in the country, the collection system in the City of
Philadelphia is 60% combined (Madden, 2010) and is plagued by the same
stormwater problems faced by many other cities. During dry weather conditions and
during very small storm events, combined sewers are efficient in conveying combined
flows to one of the city’s three Water Pollution Control Plants (WPCP); under heavier
rainfall conditions, the flow in these combined sewers may exceed the capacity of the
sewer system or the treatment facility, resulting in CSOs wherein some portion of the
wastewater and stormwater may be diverted directly to nearby rivers (Schuylkill and
Delaware) to avoid flooding of residential buildings and streets. These CSOs may
occur at any of the 164 permitted combined sewer outfalls situated within the city
(Philadelphia Water Department, 2008).

On September 1, 2009, the Philadelphia Water Department (PWD) submitted
the Combined Sewer Overflow Long Term Control Plan Update (LTCPU) to the EPA
that illustrated how PWD would invest $1.6 billion over 20 years to develop a

citywide network of GIs in order to address and mitigate the problem of CSOs



(Madden, 2010). In order to evaluate and justify such an approach, PWD performed
comprehensive analysis on a number of implementation approaches such as complete
sewer preparation, treatment plant expansion and GIs. It was observed that the GI
approach was the best alternative primarily based on its effectiveness to handle CSOs
in a cost effective manner (Philadelphia Water Department , 2009).

In 2008, through a joint venture between the Temple-Villanova Sustainable
Stormwater Initiative (T-VSSI) and PWD, a regional BMP database was developed as
an online resource of stormwater BMPs implemented in Southeastern Pennsylvania.
This database groups BMPs into various categories such as Bioretention/Bioretention
facilities, catch basins and rain barrels to name a few, that had been implemented
through various regional projects (T-VSSI, PWD, 2006). Bioretention facilities (also
referred to as rain gardens) seem to be one of the most popular BMP to be
implemented at various locations in the region with each differing in sizing and inlet
specifications to address the problem of runoff overflow at these sites. Green roofs
and rain barrels are also popular at residential and commercial locations (T-VSSI,
PWD, 2006). Through various analysis and case studies, these projects showcased
that through proper design and implementation, BMPs can be utilized towards

abatement of CSOs as well as provide various other direct benefits to the community.

1.3 Urban Agriculture and their role in Stormwater Management

Since its conception through various community garden programs, the practice
of subdividing urban land into plots for individuals to garden for food appears simple,
but actually carries many urban planning challenges. These programs have been
encouraged throughout the last century to provide spaces for individuals and families
to garden for food and to use for recreation (Lawson, 2004). Community gardens and

urban farming projects in Philadelphia date back to as early as 1897, when the



Philadelphia Vacant Lot Cultivation Association divided 56" & Haverford into
various plots to make gardening space affordable in the city to address the problems
of unemployment. Although in existence since the 1900’s, urban agriculture in the
form of community gardens only really took off in the 1970’s, triggered by the effects
of deindustrialization on both availability of jobs, as well as the population density of
neighborhoods. Since then various locations across the city have seen an explosion of
urban farming. By the 1990s, more than 1000 such vacant plots had been converted to
for-profit community gardens for the purpose of urban farming. (Goldstein, 1997). By
then it was acknowledged that community gardens were not only a source of food but
also a strategy for neighborhood development. Since community gardens are
pervious, one of their major contributions towards neighborhood development is
towards stormwater runoff reduction and groundwater recharge (Levy, 2009). It was
not until recently that community gardens were analyzed in order to properly
understand their role in urban stormwater management in the City of Philadelphia
through which it was found that they are a viable means for promoting the

decentralization of stormwater management in the city (Levy, 2009).

1.4 Rainwater Harvesting

A Rainwater Harvesting (RWH) system is essentially a rainwater capture and
reuse systems that can be implemented for various purposes such as stormwater reuse
and for stormwater runoff reduction. Some rainfall reuse systems employ the use of
rain barrels and cisterns for the purpose of storage and reuse at a later time (T-VSSI,
PWD, 2006). For instance since 1980, Germany has seen an explosion of RWH
systems mostly in single-family houses primarily reusing stormwater for the purpose
of toilet flushing, gardening and other non-potable purposes (Nolde, 2006). Rainwater

harvesting systems have been widely used in community gardens such as those in



New York City that have collected an estimate of around a million gallons of
rainwater from nearby roofs thus making water collection convenient and reducing
demand on the public water system (Grow NYC, 2011). Community gardens,
although popular in Philadelphia, have not been quick and efficient in employing a
RWH system to capture rainwater. Programs such as the Philadelphia Green’s Garden
Tenders have been assisting various community gardens such as Warrington by
proving materials such as rain barrels to collect rainwater (PHS, 2011). With
impervious surfaces such as rooftops occupying a large proportion of the city’s
landscape, rainwater harvesting for irrigation purposes offer substantial incentives.
However, water quality concerns associated with the pollutants in roof runoff must be
addressed through onsite treatment facilities before non-potable reuse of rainwater can

be practiced (Nicholson, Clark, Long, Spicher, & Steele, 2009).

1.5 RWH system sizing

The basic rule for sizing any RWH system is that the potential volume of
water that can be captured (the supply) must equal or exceed the volume of water
used (Texas Water Development Board, 2005). A very simple method for sizing the
system employs a water-balance method that compares monthly demand and supply
using average monthly precipitation amounts. This is one of the simplest approaches
to system design since it only considers annual variability in precipitation amounts,
thus establishing an easy to understand catchment vs. storage relationship (Gould &
Nissen-Petersen, 1999). The major drawback of this method, however, is that the
relationship is not based on the actual distribution of precipitation amounts during the
month and hence a user could incorrectly conclude that a storage to reliability
information would hold true for two different locations that have similar annual

precipitation amounts but different monthly or daily precipitation patterns.



Another sizing method employs historical precipitation data but this method
may not be robust since it considers only one historical period when in fact various
precipitation combinations are possible (Basinger, Montalto, & Lall, 2010).
Furthermore, inaccurate system reliability may be estimated if the useful life of the
RWH system is greater than that of the historical period of precipitation observation

used in the design of the system (Taulis & Milke, 2005).

Some more sophisticated RWH system sizing methods employ probability
distribution theory and longer historical precipitation records. Although they are
analytically robust, they are virtually impossible to be adopted at various locations
since the statistical characteristic of the precipitation record is hardwired into the
results (Lee, Lee, Yang, & Yu, 2000). Other RWH systems have been sized based on
the use of stochastic precipitation generators, though their application at different
locations is contingent on the ability of the rainfall generation algorithm to produce
statistical ensembles to match observations of interest. Thus, for such an approach to
be useful, these models must be computationally robust, relatively easy to understand

and exercise ease of implementation (Basinger, Montalto, & Lall, 2010).

Stochastic precipitation generators can be further categorized into parametric
and non-parametric. Similar to the probabilistic approach, parametric approaches
require specific statistical relationships be used to describe the precipitation records of
interest. On the other hand, non-parametric models can be used as stochastic
precipitation generators that do not have rigid adherence to any statistical form of
precipitation thus making them more portable then their counterpart (Basinger,
Montalto, & Lall, 2010). The core of non-parametric models consists of the use of
Probability Distribution Functions (PDFs) to describe rainfall occurrence (dry and wet

spells) that are derived directly from local observations. Synthetic time series



ensembles can be created as a sequence of wet and dry spell states with precipitation
amounts resampled with replacement from historical record using the K nearest
neighbors in state space, making the process equivalent to a non-parametric
approximation of a multivariate first order Markov process. This method produces
random sequences of daily precipitation that adhere to the statistical property of the
historical data (Lall, Rajagopalan, & Tarboton, 1996). Seasonal variations can also be
directly considered by developing a future state (wet or dry) based on the previous
time step using a moving window or nearest neighbor approach (Lall & Sharma,
1996) (Lall, Rajagopalan, & Tarboton, 1996). Conditional probabilities can be also
computed and used with exogenous datasets such as sea surface temperatures to
further refine realization based on other climatic conditions (Cowden, Watkins, &
Mihelcic, 2008). Non-parametric models have also been implemented for other
purposes in the field of hydrology such as the synthesis of monthly stream flow

(Sharma, Tarboton, & Lall, 1997).

Although, non-parametric models have seen a growing widespread use as
stochastic precipitation generators, the only application of non-parametric
precipitation simulations methods to RWH system sizing found in literature was in
estimating the reliability with which domestic RWH systems without storage tanks
could yield at least 20 liters per capita per day in cities of West Africa (Cowden,

Watkins, & Mihelcic, 2008).

1.6 Project Summary

The site at the 53™ street block of Wyalusing Avenue, Philadelphia is the
location of an urban agricultural facility founded by the members of Urban Tree
Connection (UTC), a grass-roots community development organization. Over the last

10 years, UTC has developed various urban agriculture sites around the Haddington



neighborhood in which vacant lots are converted into various types of parks and
gardens (UTC; NF, 2012).

The urban agricultural facility consists of a total area of 853 square meters of
growing area space. Due to the farm’s need for a consistent water supply and the cost
that would be associated with acquiring this from the municipal water system, a RWH
harvesting system was proposed for the site to store runoff from residential roofs
located within the block that would be available for irrigation. The entire project
roughly consisted a period of two years that includes various aspects of the project
such as the design, construction and field monitoring to analyze the performance of
the system. This in turn forms the crux of the thesis.

The thesis is divided into several sections to describe various aspects of the
design as well as the construction of the system. Chapter 2 summarizes the RWH
system design process including the use of a non-parametric rainfall simulation model
to size the storage facility and the design of a bioretention facility that acts as a bio-
filtration pre-treatment device for the roof runoff. Chapter 3 addresses the
construction of the RWH system and discusses the changes that were made to the
design due to constraints encountered at the site during construction. To analyze the
performance of the system, field monitoring was performed on the RWH system,
details and analysis of which are provided in Chapter 4. In Chapter 5, a GIS analysis
is performed based on planimetric data in an attempt to identify other sites within the
municipal boundary of Philadelphia where a similar system could be constructed. As
an addendum, various abbreviations and nomenclatures used throughout the text are

listed in Appendix A.
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CHAPTER 2: DESIGNING THE RAIN WATER HARVESTING SYSTEM

2.1 Introduction

The RWH system designed at the project site harvests roof runoff that is
directed via gravity to an underground storage facility, passing through a bioretention
facility (also referred as a rain garden) for treatment along the way. A non-
submersible pump connected to the drip irrigation system distributes this water
throughout the urban agriculture facility. The site that includes the area that became

the agricultural space and the roof catchment area is shown in Figure 1.

l;igure 1. Google Satellite roof imagery depicting the rooftop catchments in blue and
the urban agricultural facility in green (Google, 2010)
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The total roof catchment area was estimated be 850 — 1020 square meters (10-
12 roofs), depending on property owner willingness to participate, while the area of
the irrigation facility was estimated to be 853 square meters (Figure 2). In addition to
irrigation demand and residential roof area constraints, several other design
considerations were needed to be satisfied. Decisions such as connecting the RWH
system to the closest roofs (to minimize the length of pipe that needed to be
purchased) were made throughout the design process in order to maintain the projects
limited budget. This chapter elaborates methods employed to estimate the volume of

the storage facility and to design the bioretention facility.

Light pole with Module 1 Module 2 Module 3
electric connection

Fence

Tree

House with water connection

Feet 2010 O 25 50 75 100
| . EE— E—

Figure 2. Site Layout at 53" and Wyalusing Avenue

In order to design the RWH system, the Storage and Reliability Estimation

Tool (SARET) is employed. SARET provides an alternative approach to the
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simplistic RWH system methods previously described (Basinger, Montalto, & Lall,
2010). SARET first sizes the RWH system using a fully non-parametric precipitation
generator and then estimates the reliability with which the system can meet various
non-portable urban water demands. The precipitation generator works on the basis of
bootstrapping user specified historical precipitation values using Markov chain

transition probabilities that are derived from the local rainfall observations.

2.2 Non-parametric rainfall simulation model

As previously stated, unlike their parametric counterparts, non-parametric
models do not exhibit rigid adherence to any assumed statistical characteristics of
precipitation. One of the major strengths of these models is that different sets of
historical observations can be used without violating any of the model assumptions.
This allows the model to be portable and be used with precipitation data for different
climatological regions (Basinger, Montalto, & Lall, 2010). Though true, this was not
relevant here since no other city other than Philadelphia was considered during the
entire analysis. The non-parametric model utilized in SARET generates precipitation
occurrence probabilities and amounts from a user-specified historical record of daily
observation, in this case Philadelphia daily precipitation (1964-1995). Figure 3 shows
the 32-year rainfall record obtained from the Philadelphia International Airport (PHL)
that was used in this analysis. The average annual precipitation over this period was
observed to be 1003 mm, with the annual totals as low as 717 mm and as high as 1311

mm.
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Figure 3. Annual precipitation for the City of Philadelphia (PHL) 1964-1995.

The model then categorizes each day within the historical day as either “wet” (W) or
“dry ” (D) (“wet” being a positive precipitation value and “dry” being a value of
zero). A detailed description of the non-parametric model employed in SARET
(Basinger, Montalto, & Lall, 2010) is shown in Appendix B. Once these flags were
assigned to all days in the historical record (Appendix B), the model creates synthetic
precipitation sequences by sampling with replacement from the actual historical daily
precipitation amounts using the array of daily historical precipitation amounts
corresponding to that particular day (within the “moving window” that consists a total
of 30 days that is centered on the target day). It was observed that this method of
choosing values from within a “moving window” rather than randomly choosing
values from the entire range of historical observations results in a more accurate
depiction of seasonality (Basinger, Montalto, & Lall, 2010). Since the Storage and
Reliability Estimation Tool (SARET) was developed to process only 25 years daily
precipitation data (reprograming the model to accommodate 32 years daily

precipitation data (1964-1995) was beyond the scope of this thesis), only historical



14

precipitation sequence for the period 1964-1988 was considered for the analysis. By
comparing the box and whisker plots for the synthesized rainfall time series using the
non-parametric model in SARET to that of the historical daily precipitation series for
Philadelphia (1964-1988), it was observed that the median and the extreme values

match the historical data consistently (Figure 4).
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Figure 4. Box and Whisker plot comparing the SARET non-parametric model and the
Historical observations for Philadelphia (1964-1988)

To better understand the robust nature of the non-parametric model employed
in SARET and in an attempt to verify the synthetic precipitation sequences generated
by SARET, a separate analysis was performed using a customized model developed
in MATLAB that employs the Hidden Markov Model (HMM) Tool developed by The
International Research Institute for Climate and Society (IRICS, Columbia

University, 2007).
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The HMM tool with its Graphic User Interface (GUI) implementation is a
program developed in MATLAB that provides a framework for modeling daily
precipitation occurrences by fitting a model to observed rainfall records realized
through the introduction of a small number of discrete rainfall states. These states
allow a diagnostic interpretation of observed daily rainfall variability in terms of few
rainfall patterns, though these are not directly observable and are hidden from the
observer. The time sequence of which state is active follows a first order Markov
chain wherein the state active “today” depends only on the state that was active
“yesterday”. The HMM tool has the capability to perform three different operations:
the first estimates the model parameters (“learn”), the second estimate the most likely
state sequence (“viterbi”’) while the third generates rainfall simulations (“simulate”).
Since we use the output of the HMM tool as an input to the customized model created
in MATLAB, the “learn” action is selected in order to estimate the rainfall probability
and mean rainfall amount on “wet” days (IRICS, Columbia University, 2007). The
HMM tool can thus be used to synthesize various rainfall sequences based on the

observed data.

For this purpose, daily precipitation for 25 years (1964-1988) for the month of
January was used to synthesize precipitation sequences using the HMM tool and the
customized model in MATLAB. The precipitation data for the month of January is
used as the input data, and using the “learn” action, the HMM tool provides the
transition probability matrix. In this case, we select only two hidden states; state 1 is
the dry state while state 2 is the wet state each of which is defined similarly to that in
SARET. The length of the sequence is 775 days (31 days for a period of 25 years).
Once the transition probability matrix is obtained, the program developed in

MATLAB (Appendix C) is employed that uses the probability matrix to synthesize
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precipitation sequences (Appendix B). The programs core is based on bootstrapping
that is similar to the one implemented in SARET. Using the transition probability
matrix, ten such precipitation sequences are synthesized. Compared to the model in
SARET, the program is a much simpler non-parametric method since it does not
employ the complicated “moving-window” method as described previously instead

based on the transition probability matrix, the program decides whether the

3 3

subsequent day is a “wet” or a “dry” day. If it’s a “wet” day then the value is
bootstrapped from the sequence of state 2 (“wet” state) values from the historic
observation and for a “dry” day the value is set as zero. This is repeated for each day
throughout the month and the whole process is performed to synthesize five

precipitation sequences each for the month of January for the entire 25-year period.

The two methods are compared with the historic precipitation sequence for the
month of January using a box and whisker plot as shown in Figure 5. It is evident that
the non-parametric methods (SARET and customized model) are similar in their total
precipitation values for the month of January for the period 1964-1988 and also
adheres to the statistical properties of the historical observations. Furthermore, since
SARET uses the “moving-window” method that encapsulates the seasonality of the
historic precipitation sequence, it is used more effectively to generate annual

precipitation sequences as seen in the previous section.
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Figure 5. Box and Whisker plot comparing the SARET non-parametric model, the
customized non-parametric model (sequence 1-5) and the Historical observations for
Philadelphia (1964-1988)

Therefore, it was confirmed that SARET was able to generate precipitation
sequences that adhere to the statistical property of the historical observations which
leads us to the following step where SARET is employed in sizing the storage facility
of the RWH system. Before implementing SARET though, the irrigation demand of
the agricultural facility, a required input for the model was estimated that is illustrated

in the following section.

2.3 Estimation of irrigation demand

The current growing year 2011-12 has seen an increase in the growing area
from that of 2010-11. According to the data obtained at the site, the old growing area
(2010-11) was estimated to be 390 square meters while the new growing area (2011-
12) was estimated to be 853 square meters. Due to an increase in the area, irrigation
demand calculations were first based on the old growing area and then those of the
new growing area were estimated. We used two different approaches to determine the

amount of water needed per week for irrigation of the crops. The first method
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employed water bills obtained from the property owners at the site to estimate
irrigation usage during 2010-11 the growing season. The second method uses the
Blaney-Criddle method to directly estimate the water consumption by specific crops
grown at the site to derive supplemental irrigation needs. These two methods are

described in detail below.

2.3.1 Water Bills to determine irrigation usage

For the first method, the water bills from the previous growing season (2010-
11) were used to determine how much water was actually used to irrigate the crops.
An average domestic consumption amount of sixty gallons (0.26 cubic meters) per
capita per day was subtracted from the total billed usage to derive the estimated
irrigation usage. The domestic consumption amount was dependent on the number of
days in each month (Table 1). Next, the ratio of the new growing area to the old
growing area (2.19) was calculated. This ratio was multiplied to the 2010-11 monthly
irrigation usages to obtain the theoretical irrigation demand for 2011-12. Table 1
shows the four growing months: June, July, August and September that were used to
calculate the irrigation demand. Once the irrigation demand for the new growing area
for each of the four growing months was estimated, the amount of irrigation per week
for each month was estimated by assuming that the irrigation requirements for each

week of the month remained constant.
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Table 1. Irrigation usages calculated from water bills

Irrigation New
Total Usage Homeowner Usage Usage New
(cubic usage (cubic (Cubic (cubic Usage
Month meters) meters) meters) meters) (mm/wKk)

June 48.14 20.45 27.7 60.57 17.8
July 116.1 21.12 94.97 207.70 60.9
August 62.3 21.12 41.17 90.04 26.4
September 53.8 20.45 33.35 72.94 21.4

It was suggested that the growing season for the year 2011-12 in addition to
these four months would include the months April, May and October, a total of 7
months. Due to insufficient data to estimate irrigation requirements for these months
at the site, it was assumed that April and May would have the same irrigation
requirements as that of June while October would have the same as that of September.
Figure 6 provides the irrigation requirements for the entire growing season including
the additional three months. Based on these calculations, it appears that the maximum

irrigation demand occurs during the month of July (60.9 mm/week).
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Irrigation requirement (mm/week)
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Figure 6. Irrigation requirements for the new growing season (2011-12)
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2.3.2 Blaney-Criddle method

The Blaney-Criddle method was employed as an alternative method to obtain
the irrigation usage based on the calculation of evapotranspiration (Blaney & Criddle,
1950). The method computes the crop consumptive water requirements using air
temperature data that may be satisfied either by incident precipitation (rain fed),
irrigation or a combination of the two. The Blaney-Cridle equation states that the
consumptive use (U) is equal to seasonal coefficient K times a monthly consumptive
use factor (F) as shown below.

U=ksXF (1)

The monthly consumptive use factor (F) can be defined as the product of the
average monthly temperature in Fahrenheit (T) and the average monthly percent of
daylight hours (P). K. is the crop factor that is defined as the ratio between the
reference grass crop and the crop actually grown. The factors that define the
consumptive use (U) are measured using tightly controlled conditions and is given by

the following equation.

T;iPj
U=K X
CZI—O 100

2)
Where,

Ti — Average monthly temperature in Fahrenheit

P; — Monthly percent of daytime hours

K. - Crop coefficient

i — denotes the month (June, July, August or September)
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Based on the weather data obtained for the city of Philadelphia the average
monthly hours of daylight is displayed in Table 2 while the average monthly

temperature in Fahrenheit is given in Table 3.

Table 2. Monthly % daytime hours (P) for the growing season

Months  Monthly % daytime hours of the year

June 10
July 10.1
August 94
September 8.3

Table 3. Monthly average Temperature (T) in Fahrenheit for the growing season

Monthly average = Monthly average

Month Temperature (F) Temperatures (C)
June 78 25.56
July 82 27.78
August 79 26.11
September 73 22.78

The number of growing days was assumed to be approximately 120 days
based on the duration of the growing season (June-Sept.). The crop coefficient (K,)
was determined by dividing the growing season into four growing stages that includes
the initial development stage (25 days), crop development stage (35 days), mid-season
stage (40 days) and late season stage (20 days) that is defined for various crops in

Table 4 (Natural Resources Management and Environment Department, 2008).



Table 4. Values of crop coefficient (K.) for various crops and growth stages

Initial Crop Mid-season Late season
Crop development
Stage stage stage
stage

Barley/Oats/Wheat  0.35 0.75 1.15 0.45
Bean, green 0.35 0.7 1.1 0.9
Bean, dry 0.35 0.7 1.1 0.3
Cabbage/Carrot 0.45 0.75 1.05 0.9
Cotton/Flax 0.45 0.75 1.15 0.75
Cucumber/Squash 0.45 0.7 0.9 0.75
Eggplant/Tomato 0.45 0.75 1.15 0.8
Grain/small 0.35 0.75 1.1 0.65
Lentil/Pulses 0.45 0.75 1.1 0.5
Lettuce/Spinach 0.45 0.6 1 0.9
Maize, sweet 0.4 0.8 1.15 1
Maize, grain 0.4 0.8 1.15 0.7
Melon 0.45 0.75 1 0.75
Millet 0.35 0.7 1.1 0.65
Onion, green 0.5 0.7 1 1
Onion, dry 0.5 0.75 1.05 0.85
Peanut/Groundnut 0.45 0.75 1.05 0.7
Pea, fresh 0.45 0.8 1.15 1.05
Pepper, fresh 0.35 0.7 1.05 0.9
Potato 0.45 0.75 1.15 0.85
Radish 0.45 0.6 0.9 0.9
Sorghum 0.35 0.75 1.1 0.65
Soybean 0.35 0.75 1.1 0.6
Sugarbeet 0.45 0.8 1.15 0.8
Sunflower 0.35 0.75 1.15 0.55
Tobacco 0.35 0.75 1.1 0.9
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Though slightly varying, the number of days for each stage was assumed to be

approximately a constant of 30 days resulting in each month (June-Sept) comprising

an entire growing stage. Therefore, the crop coefficient for each stage was calculated

(Table 5) by estimating the average for those defined for various crops in Table 4.

Finally, once the parameters were defined, the consumptive use (U) by the crop was

estimated for each month as shown in Table 6.
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Table 5. Values of crop coefficient (K.) for the growing season

Month (Growth Stage) Crop Coefficient (K.)

June (Initial stage) 0.41

July (Crop development stage) 0.73
August (Mid-season stage) 1.08
September (Late season stage) 0.76

Table 6. Monthly water consumption based on the Blaney-Criddle equation

Month Monthly (inches/month) Weekly (mm/week)

June 3.12 18.49
July 6.6256 38.00
August 7.7973 44.72
September 4.2413 25.14

2.3.3 Estimated irrigation demand

The two methods described above give a very different picture of the
distribution of irrigation demand during the entire growing season. The Blaney-
Criddle method predicts lesser water requirements (irrigation and rain fed) when
compared to the method using the water bills (irrigation only) that can be attributed to
the various assumptions made in evaluating the parameters in the Blaney-Criddle
method. The first method suggests that July has the highest irrigation requirements
while the second method suggests that water requirements remain almost constant
over the entire growing season. Since, the method that employs the use of water bills
is based on actual data obtained at the site it is preferred over the Blaney-Criddle
method. The RWH system was sized based on this irrigation requirement in order to
make sure that the storage facility is able to store enough volume of water to be able

to irrigate even during possible drought conditions. Therefore, the worst-case scenario
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was defined as the ability of the system to irrigate an estimated 60.9 mm/week (based

on the irrigation requirement for July) for the entire growing season (April-Oct).

2.4 Overview of the Water budget reliability model: SARET

For the estimation of storage tank volume, the reliability contour curves
between various values of storage volume and catchment area using the Storage and
Reliability Estimation Tool (SARET), a model constructed using Visual Basic for use
in Excel were plotted. This RWH system sizing approach has been varied in
sophistication as well as accuracy.

The overall working of SARET can be sub-categorized into two stages, the
first being the generation of non-parametric precipitation sequence using Markov
chain transition probabilities derived from the 25 year daily precipitation values of
Philadelphia from 1964 to 1988. The second stage consists of using these multiple
realizations of local precipitation outcomes to develop system reliability curves based
on user-defined catchment areas, demand, tank volumes and first flush criteria. The
model allows the user to select the output desired such as calculating the storage
needed for 100% reliability, calculating the reliability for a specific value of storage
and finally to calculate the time required to fill the storage tank range per catchment
range as shown in Figure 7. For the purpose of designing the storage facility the
reliability for a given catchment area, demand, and storage volume range was
calculated. Therefore, using this feature, a reliability curve is generated plotting the

percentage reliability for various storage values vs. catchment values.
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1 DESIRED OUTPUT | Calculate the storage needed for 100% reliability

@ generate one single storage point (m°)

( generate a storage curve
@ Calculate the reliability, given the storage

¢ generate one single reliability data point (worst case only)

¢ generate a reliability matrix (worst case only) for a catchment & storage range

* generate a reliability matrix (worst case only) for a demand & storage range

(¢ generate a data set for a catchment, demand, & storage range (AVG, SD, MIN, MAX)
" Calculate the time required to fill the storage tank range per catchment range

OUTPUT SELECTIONS

Figure 7. Output Selections for the Storage and Reliability Estimation Tool (SARET)

The next step was to enter the input values for the model, which includes the
irrigation demand as estimated in the previous section. The system was to be designed
based on the “worst-case scenario” that basically assumes that the entire growing
season would require an irrigation amount of 60.9 mm/week. The storage facility was
sized based on this constraint in order to maximize reliability of the RWH system and
also since SARET prohibits the variation of irrigation demand. This suggests that the
system may be oversized and was done so to make sure that the system might be able
to store sufficient runoff volume in order to be able to work during extreme drought
conditions and to also incorporate the flexibility to add more residential roofs to the

RWH system in the future.

An important input parameter defined was the first flush depth. According to
the values recommended by the Texas Water Development Board (2005), a first flush
value in the range 0.4-0.8 mm of rain for three consecutive dry days was used in the
model. Figure 8 shows the SARET model that displays the input selections the user is

required to enter following which the input parameters of the model are defined.
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Figure 8. Input Selections for the Storage and Reliability Estimation Tool (SARET)

Input parameters as defined in SARET are as follows:

e Irrigation (direct fed or rain fed) demand values were estimated as per the
water bills provided. But we use the SARET model to generate the worst-case
scenario contours assuming 60.9 mm/week is irrigated for all the months from
April to October. An irrigation area of 853 square meters was used based on
the new growing area.

e Catchment Area: Using Google Earth (Google, 2010) the roof area was
estimated to be 85 square meter and since the total area of the twelve roofs
was 1020 square meters, the catchment area was varied between 85 square
meters and 1020 square meters (12 roofs) with an increment of 85 square
meters that assumes each building had an equal roof area.

e Storage Volume: The storage volume was ranged between 1 cubic meter and

10 cubic meters (264 gallons to 2641 gallons).
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* First flush: The first flush values were set to the recommended value of 0.4
mm of rain after 3 consecutive dry days.

Once the model was run for the specified input values, a reliability curve for the
worst-case scenario was obtained as shown below in Figure 9. The Y-axis represents
the volume of the storage facility in cubic meters while the X-axis represents the
catchment area in square meters. The reliability can be seen to range from 74.5% to
76%. Thus, it can be inferred from the graph that the reliability seems to be high even
when the catchment area is low in the case of high storage volume. This suggests that
by having a high storage volume one can offset the problems of having a low

catchment area and vice versa.
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Figure 9. Reliability chart obtained from SARET for the worst case scenario

Therefore, the storage volume was chosen based on the reliability for a
specific catchment. During preliminary cost analysis, it was noted that it was more

cost efficient to add one cubic feet of storage than to add additional roofs. In
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accordance to this analysis, 10 residential roofs (approx. 850 square meter) at the site
and a storage tank of approximately 2600 gallons (about 10 cubic meters) were

selected for the construction of the system.

2.5 Bioretention facility Design

For small drainage areas (less than 20,000 square meters), it is suggested that a
filtering system can be applied in order to improve the quality of stormwater runoff
before storage and reuse (Schueler, 1996). These filtering systems direct stormwater
through various natural and engineered media such as sand, soil, gravel or compost in
order to filter out pollutants and improve quality. Since stormwater runoff from
residential rooftops are better in terms of WQ when compared to those from other
types of drainage areas such as roads, simple filtering systems are sufficient in these

systems (Grottker, 1987).

In general, filtering systems consists of four basic design components

(Schueler, 1996):

* Inflow Regulation: The inflow regulator is used to divert runoff from a
impervious surface into the treatment facility Most inflow regulators divert a
specific water quality volume into the filter while allowing the larger volumes
to flow to continue flow through the conveyance channel.

* Pretreatment: Pretreatment is a requirement for any treatment facility to trap
course sediments before they reach the filter bed. Without pretreatment, the
treatment system will quickly clog thus losing its pollutant removal capability.

* Filter Bed and Filter Media: The filtering system utilizes sand, peat, gravel,
grass, soil or compost as a media to filter out pollutants while the filter bed is

defined by three key properties: surface area, depth and profile.
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*  Outflow Mechanism: The final component is the outflow mechanism that

defines a method to collect the filtered runoff while the uncollected runoff

drains into groundwater.

Treatment facilities have been categorized into five broad group of filtering

systems that include sand filters, open vegetated channels, bioretention areas, filter

trips and submerged gravel filters (Schueler, 1996).

Although each filtering system has its own advantage, it was concluded that a

bioretention facility (Figure 10) with benefits such as low land consumption and ease

of maintenance would be constructed. The homeowner of the house situated 5333

Wyalusing Avenue which is located within the residential block consented to provide

their backyard with a dimension of 16.5 feet by 13 feet (5 m by 3.96 m) for

construction of the bioretention facility.
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Figure 10. A Cross section of a Bioretention facility (Bioretention facility) *Not to

Scale

The bioretention facility was designed based on the “Design of Stormwater

Filtering Systems” manual (Schueler, 1996) and included the following assumptions:

*  Volumetric coefficient for urban runoff (R,) was assumed to be 0.95.
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The depth for Water Quality (WQ) was assumed to be 25.4 mm (1 inch).

The bioretention facility was designed for a sub-catchment area (As) of 850 -
1020 square meters (10-12 Roofs)

The maximum level of ponding (Hp,x) that may be allowed in the bioretention
facility was assumed to be approx. 1 foot (0.305 m).

The retention time (t¢) of the bioretention facility is assumed to be approx. 24
hours (1day).

The coefficient of permeability for the topsoil mix (k) is assumed to be
approx. 1ft/day (0.305m/day). This was based on coefficient of permeability
for Loamy and Sandy soils which are 0.157 m/day and 0.61 m/day
respectively.

The planting soil depth (d¢) that is the sum of the mulch and the topsoil layer
was assumed to be about 2 feet (0.61 m).

The bioretention facility will be situated at a minimum of 7.5 feet (2.286 m)
away from the house as a precaution to prevent possible flooding of the

basement.

Once these assumptions were made, the surface area of the bioretention facility

was estimated using the following formula:

Where,

df

Af = WQV X k (Havg + df)x(tf) (8)

A - Surface area of the bioretention facility planting bed (ft)

WQV — Water Quality Treatment Volume (ft’),

Where,

Rv

WQV = [WQx 127/1ft

] x Area of Subcatchment(As) (9)
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dr - Planting soil bed depth (ft)
k - Coefficient of permeability for planting soil bed (ft/day)
H.. - Average height of water above the bioretention facility bed (ft)

Where,
Havg =X (Hmax) (10)

tr - Retention time

With reference to the design manual, the bioretention facility was designed to

have the following layers (from top to bottom):

Shallow Ponding Layer: The ponding layer provides surface storage for a
percentage of the WQV and also allows for particulate settling during the
detention period allowing finer particles to settle on the surface of the mulch
layer.

Surface Mulch Layer: The mulch layer provides an environment for plant
growth by minimizing evaporation at the surface (maintaining moisture) and
allow the decomposition of organic matter. The surface layer also acts as a
filer for finer particles and maintains an environment for the microbial
community to help breakdown urban runoff pollutants.

Planting Material: The planting material takes up nutrients and pollutants, and
available water through evapotranspiration. Also, the use of native plant
material provides a cover for wildlife and creates a microenvironment within
the urban landscape thus aesthetically pleasing.

Top Soil Layer: The topsoil layer, which comprises the planting soil bed,
provides the region of storage of water and nutrients for the planting material
above. The voids in the soil also provide additional storage for the WQV while

the soil particles can absorb various pollutants through ion exchange.
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* Gravel Layer: This layer is utilized to collect the treated runoff and helps keep

the soil from being saturated. The under drain thus consists of a gravel layer

with a 4” perforated pipe system.

Based on the previously mentioned equations, the WQV was determined to be 95

cubic feet (2.7 cubic meters) while the surface area of the bioretention facility was

determined to be 76 square feet (7 square meters), with the following specifications:

2.6 Summary

Allowed ponding: 0.305 m

The sum of the depths of the mulch layer and the top soil layer:
0.61 m

The pipe from the downspouts enters the bioretention facility at a
depth of approx. 0.311 m hence the bioretention facility will be
0.311 m below the existing grade (0.311 m).

A gravel layer of approximately 0.305 with the entire Bioretention
facility consist of a 2% gradient to make sure that runoff could be

gravity-fed into the storage facility.

In this chapter, the procedures used to design the volume of storage facility as

well as the area of the bioretention facility were described. The storage facility

specifications were calculated based on the Storage and Reliability Estimation Tool

(SARET) that uses a non-parametric rainfall simulation model to generate storage vs.

catchment relationships. To better understand the non-parametric simulation model

incorporated in SARET, the model results for the month of January during the period

1964-1988 were compared to that generated using a customized non-parametric

model constructed in MATLAB and using an external HMM tool. These results

suggest that synthesized precipitation sequences generated using a non-parametric
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model are able to mimic the seasonality of the historic record for the same period.
Two methods were employed to estimate the irrigation demand based on which a
worst-case scenario was defined to size the storage facility of the RWH system in
order to improve system reliability. SARET was then used to size the storage facility
based on which it was decided to use a storage facility of about 10 cubic meters
(approximately 2600 gallons) that would be connected to ten residential rooftops
situated within the residential block. Once the storage facility specifications were
calculated, the next step involved estimating bioretention facility specifications based
on the “Design of Stormwater Filtering Systems” manual (Schueler, 1996). It was
concluded that the area of the bioretention facility would be approximately 7 square

meters with a Water Quality Volume (WQV) of 2.7 cubic meters.
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CHAPTER 3: FINAL SPECIFICATIONS OF THE RWH SYSTEM

Once the volume of the storage facility was calculated based on the SARET
model and the area of the bioretention facility was estimated based on a design
manual, the next step was to realize the whole RWH system by developing system
specifications to guide construction. The construction process was constrained by the

construction budget ($9000 USD) and other practical considerations.

The system was broadly categorized into having the following components:

* Bioretention facility (rain garden)

* Storage facility

* Pond liner for the storage facility as well as the bioretention facility

* Overflow trench to prevent the bioretention facility from flooding

* Interceptor trench connecting the downspouts from the roofs to the
bioretention facility

* Pump connecting the storage facility to the irrigation facility

* Irrigation facility

The placement of each of these components at the residential block was based on
minimizing the runoff travel time and obtaining clearance from various homeowners.
Based on which, the location of each of these components including the pipe layout is
shown in Figure 11. Yellow indicates the location of the storage facility while green
indicates the location of the bioretention facility. Based on the requirements for
various aspects of the system pipes, elbows, soil mix and other components were
chosen to minimize cost by researching various products and alternatives available in

the market.
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Figure 11. Pipe and component location layout

3.1 Bioretention facility

Based on the calculations performed using the design manual (Chapter 2), the
required area was estimated to be 76 square feet (approximately 7 square meters). The
site chosen at 5333 Wyalusing Avenue (Nicole’s Home) to house the bioretention
facility had a total potential available space of 16.5 feet by 13 feet (5 m by 3.96 m).
As mentioned previously, an important constraint was that the bioretention facility be
situated at least 7.5 feet (2.286 m) away from the building structure to prevent
possible flooding. To be conservative, the bioretention facility was actually sited 9

feet from the. To satisfy the minimum bioretention facility area requirements al2 feet
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by 7.5 foot (3.66 m by 2.286 m) space was selected for bioretention facility

construction (a total area of 90 square feet) shown in Figure 12.
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Figure 12. Bioretention facility pipe location -plan view (Not to Scale)

The depth of the bioretention facility was also estimated based on the calculations

performed in Chapter 2 (Figure 13).
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Figure 13. Section BB of the bioretention facility

The inflow pipe is a perforated pipe that runs across the bioretention facility
that in turn is connected to the downspouts that collect roof runoff. Riser pipes were
installed in order to make sure that if the bioretention facility inundates, it would drain
faster through the riser pipes that directly feed into the storage facility. As a
precaution an overflow pipe is also placed to drain water away from the site and
towards the growing areas in the event that the bioretention facility becomes
saturated. This overflow pipe discharges water far away from the bioretention facility
(Figure 14). The bioretention facility also acts as a first-flush diverter thus it gives the
chance for the system to get rid of small contaminants before capture by the storage

facility.
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3.2 Storage facility
The storage tank is expected to be the most expensive component of an RWH
system (Texas Water Development Board, 2005) and thus proper sizing and selection

of the type of storage vessel is important to minimize costs.

There are two general classes of potential storage vessels that can be considered
for use in RWH systems: surface storage and underground storage, each having their
respective advantages and disadvantages. Surface storage facilities are the more
popular of the two primarily due to the ease of installation and maintenance when
compared to underground storage facilities that require excavation and accompanying
due to which it is relatively more expensive for small storage requirements when
compared to surface storage facilities. Water extraction can be executed via gravity in
the case of surface storage facilities while pumps are an integral part of the system in

the case of underground storage facilities. Although surface storage facilities seem to
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be a better option, unlike underground storage facilities they are obtrusive since they
require space for installation and hence in cases where large storage is required

underground storage facilities are a better option

Based on the “Texas Manual of Rainwater Harvesting” (Texas Water
Development Board, 2005) and “A Handbook on Rainwater Harvesting in the
Caribbean” (The Caribbean Environmental Health Institute, 2009), the following
constraints were considered while selecting the type of storage facility as well

locating it at the site:

* Storage tanks must be covered in order to discourage mosquito breeding and
contamination

e Tanks should be located as close to the supply and demand points (in this case
as close to the residential roofs as well as the irrigation site) to minimize
distance water conveys.

* Storage tanks must be protected from direct sunlight to minimize the adverse
effects of sunlight on plastic containers and also to prevent algae growth
accompanying exposure to sunlight.

* Underground storage tanks should be located a minimum of 50 feet
(approximately 15 meters) from animal stables and above ground application

of wastewater treatment.

Based on the constraints on the site and the space available it was proposed to
build an underground storage facility for the RWH system. After extensive research,
StormChamber® a product developed by Hydrologic Solutions to provide solutions for
stormwater management was chosen as a suitable alternative as a storage facility.

Based on the specifications provided by the company, each StormChamber® has a
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capacity of about 2.18 cubic meters while the same with a crushed stone surround has
a capacity in the range of 3.49 to 4.8 cubic meters (Hyrologic Solutions, 2011). The
configuration of the StormChamber” provided by the company is shown in Figure 29
of Appendix D. The StormChamber® consist of 3 parts, a start chamber, a middle
chamber and an end chamber, each of which having their own configuration as shown

in Figure 29 of Appendix D.

Based on the design volume of 10 cubic meters estimated for the storage
facility (Chapter 2), initially three StormChamber” were planned to be installed but
UTC later requested the addition of another StormChamber” in accordance with the
availability of more funds and also to be able to capture and store a larger runoff
volume with the future addition of residential roofs to the system. Based on the above
storage specifications (Figure 15) it was decided that the system would consists a total

four StormChamber® with one each of start and end chamber while two middle

chambers.
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Based on the “STORMCHAMBER ™ Design Manual” (Hydrologic Solutions,
2009), the specifications of the StormChamber® trench was planned and designed as
shown in Figure 16. It was made sure that the connecting pipes between the
bioretention facility and the StormChamber® consisted of at least 2% slope in

accordance of the design requirement of a gravity fed RWH system.
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Figure 16. Section DD of the storage facility (StormChamber®)

3.3 Pond liner

In order to minimize the loss of water due to infiltration from the bioretention
facility and the storage facility a pond liner was employed to encapsulate each one of
them. Hence, once the bioretention facility and storage facility specifications were
defined, the pond liner specifications were defined as shown in Figure 17 and 18

respectively.



42

) ~ o)
'o—'m.|‘o""

Feet 210 5 10
| . E—
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Figure 18. Pond Liner Specifications for the storage facility (StormChamber”™)

To make sure all dimensions on field were the same relative to the plans, it

was made sure an existing grade was chosen for this purpose to minimize construction
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errors. Once the storage facility and the bioretention facility were constructed, the two

were connected as shown in Figure 19.
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Figure 19. Pipe connection layout between the rain garden (bioretention facility) and
the storage facility (StormChamber®)

In order to connect the RWH system to the irrigation facility a pump was
installed to pump water out of the storage facility. Although initially it was planned to
install a submersible pump at the bottom of the storage facility (Figure 16) it was later
preferred to instead install a non-submersible pump as per the requests made by UTC.
The pump was selected based on the pressure required to irrigate the entire irrigation
facility. While analyzing various options, ECOTRONIC 130 (Appendix E) a non-
submersible pump was chosen and installed (Leader Pumps, 2011) at the location of
the storage facility.

A complete list of various components with their specifications is provided in
Table 8 of Appendix F. Although, the RWH system was designed to include ten

residential rooftops only seven residential rooftops a total of 595 square meters of
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roof area were connected due to residential homeowner issues faced during

construction.

3.4 Irrigation system

The irrigation system was installed prior to the design of the RWH system
using a drip irrigation appurtenance. The system is divided into three modules with
each module consisting of approximately 13 beds. The dimensions of the farm are
shown in Figures 30 and 31 of Appendix G. Each bed consists of 2 drip irrigation
lines each containing an approximate of 50 drip irrigation holes. The drip irrigation
line has a flow range of 3.78 x 10” to 5.68 x 10” cubic meters per second. More
detailed technical specifications of the drip irrigation lines are provided in Appendix

H.

3.5 Summary

In this chapter, the construction plans for the entire RWH system were laid out
to initiate the final construction of the system. Various requirements for the
implementation of the design at the site were laid out such as the components and
specific design constraints as observed on site based on which the location of these
components were also finalized as shown in Figure 11. Furthermore, the bioretention
facility specifications were laid out as shown in Figure 12 through 14 while the
storage facility specifications are laid out in Figure 15 and 16. The specifications of
the pond liner were also finalized as shown in Figure 17 and 18. Once the system was
constructed, a non-submersible pump was used to connect the storage facility to the

already existing irrigation facility.
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CHAPTER 4: ASSESSMENT OF PERFORMANCE OF THE SYSTEM

To ensure RWH systems achieve the rainwater management goal, it must be
able to secure sufficient quantity of rainwater and also control the WQ. The goal of
the performance assessment was to verify the quantitative performance of the RWH
system. Though water quality performance was beyond the scope of this thesis, it has
been recommended for future work. In the past, system performance have been
analyzed by estimating the Operational Parameters (OPs) of the system that consists
of rainwater use efficiency (RUE), water saving efficiency (WSE) and cycle number

(CN) (Mun & Han, 2011).

To assess the performance of the rainwater harvesting system monitoring
techniques were used. The depth of water in the StormChamber® was recorded
continuously using a pressure transducer WL16U water level logger (Global Water,
2011) placed within the storage facility (specification sheet of the apparatus as shown
in Appendix I). To obtain rainfall from the site a rain gauge RG 200 (Global Water,
2011) was installed at the site that was located approximately ten meters away from

the storage facility.

The original goal of the performance assessment was to observe the variation
in the depth of water within the storage facility for the entire growing season (April —
October) following which the data would be analyzed and compared to the
precipitation data and irrigation events observed to finally estimate the system
performance. Based on this an analysis would be carried out in order to estimate
whether the system is successful in satisfying the irrigation requirements of the
agricultural facility. However, these goals could not be realized due to unanticipated

circumstances. These included regular pump failure resulting in an inability to irrigate
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periodically and a shortened period for which data was obtained (approximately 2

months).

The remainder of the performance assessment is based on performing an
analysis to understand the storage capacity of the StormChamber”™ by observing depth
data obtained and understanding its relationship to observed precipitation data.
However, further work is recommended to thoroughly complete the performance

assessment of the system.

4.1 Manual depth readings vs. Transducer depth readings

Before getting into the core section of the analysis, the first step was to verify
the working of the pressure transducer. Figure 20 shows the location of the pressure
transducer and the measuring tape with reference to the pump location. The pressure
transducer cord sits right at the bottom of the storage facility while the measuring tape

beeps when the sensor end of the tape is in contact with the water surface.

Pressure transducer

sl [ength of measuring tape (depth to water surface)

Pressure transducer sensor cord (red)

Figure 20. Location of the pressure transducer and the measuring tape
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To verify the pressure transducer readings, the water was pumped out of the
storage facility while the depth of water in the storage facility was measured
periodically using both the pressure transducer and the measuring tape. Figure 21
provides the relationship between the measured depth (via measuring tape) and the
pressure transducer reading. As expected a linear relationship was obtained ensuring

that the pressure transducer is working as desired.
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Figure 21. Measured depth (measuring tape) vs. Pressure Transducer depth

Although a linear relationship was obtained at higher depths, extrapolating this
might be incorrect since the side walls of the excavation are not perfectly vertical
which can be observed in the geometry of the storage facility as shown in Figure 29 of

Appendix D and the storage facility drawings (Figure 15 and 16) in Chapter 3.



48

4.2 Stage — Storage relationship

One the working of the pressure transducer was verified; the following step
was to define a stage-storage relationship for the facility estimated by pumping out
water at a known rate and simultaneously recording the change in depth within the
storage facility. The water was pumped out of the system at a constant rate into a
container with known volume and the depth was periodically checked using the
measuring tape and the pressure transducer. The pump operation is such that there
must be a minimum depth of water available, below which the pump would stop
pumping out water automatically. At this minimum depth, it was assumed that the
volume of water in the StormChamber” is zero due to the inability to pump water out.
Once this minimum depth was determined, the volume at each interval was calculated
based on the known amount of water pumped out and therefore the total volume of
water pumped out was also estimated. Once the stage-storage relationship was defined
(Figure 22), a parametric equation was obtained that could be used to relate the

changes in depth in the facility to changes in stored volume of water.

Y =37.198X - 8.7173

I

Volume of water in Storage Facility
(cubic meters)
w

2
1
0 *
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Pressure transducer depth (meter)

Figure 22. Stage-storage relationship of the storage facility
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Based on the graph (Figure 22), the parametric equation relating the depth and the

volume of the storage facility was determined to be:
Y =37.198X -8.7173
Where,
Y — Volume of water in the storage facility in cubic meters
X — Depth of water in the storage facility (meters)

This stage-storage relationship would thus be helpful in estimating the volume of

water stored within the storage facility at any depth.

4.3 Observations

The next step was to obtain pressure transducer readings for various
precipitation events as well as dry periods. Due to time constraints and other
constraints on site such as malfunctioning of the pump, only data for the period 13"
June 2012 to 15™ August 2012 was obtained. The precipitation data obtained from the
rain gage as well as the depth readings obtained from the pressure transducer are

shown in Figure 23.
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Figure 23. Depth of water in the storage facility and Precipitation data obtained at the
site.

It was observed that the storage facility could hold only a certain volume of
water above which the water would drain out the overflow pipe through the
bioretention facility. The peaks that are visible in the above figure also validate the
claim that their might exist a discharge of water possibly via the rain garden overflow
pipe above a certain depth, though further analysis must be performed in order to be

more conclusive.

The maximum depth of water that can be stored based on the observations was
estimated to be approximately 0.626 meters. Based on the relationship obtained
between the storage volume and the depth in the storage facility, it was calculated that
the maximum volume that can be held within the StormChamber® to be

approximately 14.568 cubic meters. This means that each StormChamber® could hold
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an approximate maximum volume of 3.642 cubic meters of water which is in the
range of 3.49 to 4.8 cubic meters that Hydrologic Solutions claim that each
StormChamber® can store when the storage facility is surrounded by crushed stone
(Hyrologic Solutions, 2011). The box and whisker plot in Figure 24 depicts the range

of depths recorded by the pressure transducer in the storage facility.
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Figure 24. Range of depths recorded (13™ June 2012 — 15™ August 2012) by the
pressure transducer in the storage facility

During this entire period, only once was the pump used to irrigate the growing
area (malfunctioning of the pump was the major concern) that took place on 9"

August 2012 for a period of half an hour.

4.4 Analysis

While looking at the pressure transducer data for the same period, it was
observed that there was a drop in volume from 13.75 cubic meters at 16:12 hrs to 9.39
cubic meters at 16:48 hrs on 9™ August 2012. A total volume of 3.96 cubic meters
pumped out from the storage facility during this time interval. To better understand

the efficiency with which runoff from the seven roofs connected to the system is
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collected by the storage facility, the runoff flowing into the system during the
following precipitation event was observed. Based on the precipitation event observed
on 10™ August 2012 as shown in Figure 25, a total of 5.29 cubic meters of runoff was

estimated to have flown into the RWH system based on the area of 7 roofs at the site.
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Figure 25. Pressure transducer readings and precipitation data for 9™ August 2012 and
10™ August 2012

By observing the pressure transducer depth data, after fluctuations in readings
the volume in the storage facility was estimated to be 14.47 cubic meters, an

estimated increase in volume of 5.08 cubic meters.

To better understand the relationship between the storage depth and incident
precipitation, a hypothesis test was conducted to test whether a correlation between
changes in depth and precipitation exists. Change in depth was defined as the

difference in depth of the storage facility over a single time step (I minute). The
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correlation coefficient was then determined to be 0.0168 although miniscule still
suggests that there exists a correlation between changes in storage depth and
precipitation while the p-value was determined to be 4.21e-7. The hypothesis test thus
suggests that based on this preliminary analysis, it can be concluded that although
weak there exists a positive correlation between the two variables that is statistically

significant.

The two charts in Figure 24 and 25 iterate the fact that the storage facility is
able to capture stormwater runoff nevertheless for the facility to function as a
stormwater management facility, the system must be able to supply water for
irrigation or other non-potable purpose. In either case, it can be concluded that
stormwater management goals are being met since there is a reduction in stormwater

runoff that would otherwise flow into the combined sewer system.

4.5 Summary

In this chapter, a preliminary analysis on the performance of the system based
on the pressure transducer and precipitation data collected between 13" June 2012
and 15™ August 2012 was presented. The analysis suggests that the system is
responsive to various precipitation events and because of limited use of the pump, the
observed depth in the storage facility was at maximum capacity for most of the
observation period. A linear relationship was also obtained between the storage
capacity of the StormChamber” and the pressure transducer depth data. Based on a
single pumping event that took place on 9t August 2012 and the precipitation event
following that and by hypothesis testing it was determined that there exists a
correlation between depth and precipitation data that is significant, thus rejecting the
hypothesis that their does not exist a relationship between the two. These findings

although not completely conclusive suggests that the runoff obtained from the
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residential roofs is collected and stored by the RWH system. It is thus recommended
that a larger data set of observations spanning the entire growing season would be
helpful in order to determine whether the system is able to efficiently capture

residential runoff.
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CHAPTER 5: ANALYZING SIMILAR SITES IN PHILADELPHIA USING
GIS
The final step in the analysis was to develop a map that displays various
residential blocks across the City of Philadelphia where a similar RWH system, built
to manage stormwater and provide supplemental irrigation needs to an urban
agriculture facility can be replicated. For this purpose, planimetric data (spatial data
that describes only the horizontal position of features) downloaded from PASDA
(Pennsylvania Spatial Data Access, 2011) was obtained and imported into ArcGIS

10.1 (ESRI, 2009). The planimetric data contains features such as (AIMS, 2009):

Building Outlines

Topographic data

Edge of Pavement
* Fences

* Trees

The analysis was limited to the municipal boundary of the city (Figure 26). Within
this boundary, only areas classified as building outline, individual blocks, grass and
shrubs, trees and other vacant spaces were considered. Using GIS, a sequence of
queries were performed to obtain prospective sites where a similar RWH system as
constructed at 53" and Wyalusing Avenue can be replicated. A separate set of queries
were also performed to obtain prospective sites where a stand alone storage facility
could be connected to residential roofs in order to replicate the same system but
without the bioretention facility and the irrigation facility. The entire analysis was
divided into a GIS analysis followed by analyzing two residential blocks to validate

the results obtained.
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Figure 26. Municipal boundary of the City of Philadelphia

5.1 Constraints

Based on the Rainwater Harvesting (RWH) system designed at 53™ and
Wyalusing, we develop the following constraints to determine which sites across the
city of Philadelphia will be suitable to use the same design to construct the RWH
system including the ability to accommodate a farm of the same size as at 53" &

Wyalusing:

*  Only land parcels that are residential areas shall be considered in the analysis.

* Only green spaces within residential blocks shall be taken into consideration
as available space while for replicating the RWH system. The area consisting
of tree canopy and paved surface (excluding roof area) shall be assumed to be
unavailable for the construction of the RWH system.

*  Only residential blocks with a minimum conjoined roof area of 1020 square

meter would be considered as a prospective site for the replication of the



57

RWH system. This value was based on the total area of 12 residential roofs
that were used to design the RWH system at 53" and Wyalusing Avenue.

* A minimum area of 42 sq. m of green space is required for the storage facility
while an area of 853 sq. m of green space is required to replicate the entire
RWH system. These values were based on the area occupied by the storage

facility and the RWH system at the site at 53" and Wyalusing Avenue.

5.2 GIS Analysis

In order to analyze the spatial data, the buildings were extracted from the
planimetric data and then intersected with the tax parcels that were also obtained from
the data. By obtaining various properties such as land use, these sites were analyzed to
obtain sites across Philadelphia where a RWH system may have a significant impact
on the reduction of runoff as well as provide economic benefits. The following steps

give a more detailed outlook on how the analysis was performed using the ArcGIS

10.1 software (ESRI, 2009):

* The first step was to segregate the type of area (city block) such as residential,
commercial or industrial and extract only residential blocks. Figure 32 in
Appendix J shows the residential areas across the city that includes various
residential blocks as defined in the planimetric data. Based on this, the total
residential area across the city was estimated to be approximately 31 square
miles (i.e. about 80.3 square kilometers).

* The next step was to determine which residential blocks contain at least 1020
square meters of roof area and thus only such residential blocks were taken
into consideration. Figure 33 in Appendix J shows the residential blocks

across the city that contains at least 1020 square meters of conjoined
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residential roof area. Based on this analysis, the total residential area with this
minimum required residential roof area across the city of Philadelphia was
estimated to be approximately 4.3 square miles (i.e. about 11 square
kilometers)

The next step was to extract the layer that displays vacant green spaces within
the city limits that includes both grass/shrubs as well as tree canopy. Figure 34
in Appendix J shows the vacant green spaces for the City of Philadelphia,
based on which the total vacant green space area was estimated to be
approximately 60 square miles (about 155.4 square kilometers).

Since tree canopies do not in fact represent vacant green spaces, they were
omitted and only green spaces that represent grass and shrubs were taken into
consideration. Figure 35 in Appendix J shows the green spaces that excludes
tree canopy based on which the area of green space was estimated to be
approximately 33.3 square miles (about 86 square kilometers).

The next step was to take into consideration only those green spaces that are
located within residential blocks and omit if otherwise. Figure 36 in Appendix
J shows the green spaces that excludes tree canopy within residential area in
the City of Philadelphia, based on which it was estimated this area was to be
approximately 11.84 square miles (about 30.7 square kilometers).

The penultimate step involved plotting a map that displays residential blocks
(containing at least 1020 square meters of conjoined roof area) that contain at
least 42 square meter or 452 square feet (required for storage facility) of green
space as shown in Figure 37 in Appendix J.

The final step in the GIS analysis was to plot a map that displays residential

blocks (containing at least 1020 square meter conjoined of roof area) that
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contain at least 853 square meter (required for the growing area of same size
as Polselli, the storage facility as well as the Bioretention facility) of green
space as shown in Figure 38 in Appendix J, based on which the total green

space available for replication the entire

5.3 Results and Validation

Based on the GIS analysis it was concluded that the total green space at
residential areas available for replicating the RWH system without the irrigation
facility was estimated to be 0.482 square miles (about 1.25 square kilometers) with a
total of 933 different sites (each site representing a different residential block). While
the total green space at residential blocks where the entire design could be exactly
replicated was estimated to be 0.257 square miles (about 0.66 square kilometers) with

a total of 86 different sites (each site representing a different residential block).

The final step of the analysis was to perform a validation process by looking at
two specific sites where the GIS analysis suggested a RWH system could be
replicated. The first site was located at 2200 Benjamin Franklin Parkway,
Philadelphia that consists of approximately 4 residential buildings within the

residential block (Figure 27).
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Figure 27. Map of the residential site located at 3300 Benjamin Franklin Parkway,
Philadelphia

Each residential building at the site has an approximate roof area of 1175
square meters while the total green space within the residential block was
approximately estimated to be at least a minimum of 2500 square meters (excluding

tree canopy).

The second site located at 44™ and Haverford (Figure 28), Philadelphia consist
of a minimum conjoined roof area of 2325 square meters while the total green space
within the residential block was estimated to be a minimum of 4000 square meters

(excluding tree canopy).
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Figure 28. Satellite image of the residential block located 44™ and Haverford,
Philadelphia

Therefore, by studying these two sites it was concluded that GIS analysis
could be efficiently implemented to obtain a rough estimate of areas where an RWH

system such as the one at 53" and Wyalusing Avenue can be replicated.

5.4 Summary

Using ArcGIS 10.1 a comprehensive GIS analysis was performed in order to
analyze other residential blocks within the City of Philadelphia where a similar RWH
system can be constructed. The analysis was performed using planimetric data
obtained from PASDA. Based on the analysis performed, it was estimated that stand
alone storage facility with the same specification as those at 53" and Wyalusing
Avenue could be constructed at 933 residential blocks within the city while the entire
system could be replicated at an estimated 86 residential blocks within the city.

Though the analysis does not take into account various other constraints such as soil
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quality at these locations, a preliminary validation process was conducted suggesting
that GIS analysis can be efficiently used to estimate areas where an RWH system such
as the one installed at 53" and Wyalusing Avenue can be replicated without specific

individual site analysis.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

The RWH system for the urban agricultural facility situated at 53™ and
Wyalusing Avenue was successfully designed and constructed using a non-parametric
stochastic process implemented through SARET (Basinger, Montalto, & Lall, 2010).
The following chapter summarizes results from sections of this thesis including a
summary of the analytical methods used to design the RWH system, a summary of the
design vs. constructed RWH system, a summary of the assessment of the system, a
summary of the scale up study followed finally by overall conclusions and few

recommendations made for future work.

6.1 Summary of analytical design methods

The RWH system at 53™ and Wyalusing Avenue was designed using a non-
parametric rainfall simulation method incorporated in SARET that utilizes 25-year
historical daily precipitation data (1964-1988). The working of the model in SARET
was later verified by developing a customized non-parametric model using the HMM
tool and a MATLAB program. Five 25-year precipitation sequences for the month of
January was created and compared to January precipitation sequence synthesized
using SARET for the same period. It was evident while comparing the box and
whisker plot for the five precipitation sequences with those obtained from SARET
and the historical precipitation record that non-parametric rainfall simulation models

are able to encapsulate statistical properties of the input historical data.

6.2 Designed RWH system vs. Constructed RWH system
In order to estimate the irrigation requirements two methods were employed,
the Blaney-Criddle method and the use of water bills. Though similar, the results

obtained using the water bills seem to be more reliable since they were estimated by
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the use of actual data on the site. Once the irrigation requirements for the entire
growing season was determined, it was concluded to design the RWH system based
on a worst case scenario of irrigating 60.9 mm/week throughout the entire new
growing season in order to maximize the reliability of the system during periods of
droughts. Finally, the storage vs. catchment area reliability curves was developed
using historical daily precipitation data and other site constraints such as range of
catchment area, storage range, irrigation usage and first flush based on which it was
concluded that for a catchment area of 850 square meters (10 residential roofs), the

volume of the storage facility would be 10 cubic meters.

The specifications of the RWH facility were finalized by designing the
bioretention facility (rain garden) employed to improve the water quality of the runoff
before storage based on the “Design of Stormwater Filtering Systems” manual
(Schueler, 1996) that was to be situated at the backyard of residential building with a
dimension of 5 m by 3.96 m (16.5 feet by 13 feet). The area of the bioretention

facility was designed to be 7 square meters with a WQV of 2.7 cubic meters.

Based on various constraints encountered at the site, construction plans for various
sections of the RWH system were laid out. The locations of each of these were based
on the availability of space, minimize the runoff travel time as well as other site
constraints such as landowner consent. StormChamber® developed by Hydrological
Solutions normally used for temporary detention was implemented in the RWH

system as a storage facility with the use of a pond liner to minimize initial investment.

Although only three StormChamber® was to be used as a storage facility, an extra
chamber was added in order to incorporate the flexibility of connecting further roofs

to the system. The bioretention facility had the following specifications of 3.65 m by
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2.3 m (12 feet by 7.5 feet) satisfying the designed area requirement of 7 square
meters. The depth of the facility was designed based on those suggested by the
“Design of Stormwater Filtering Systems” manual to allow a retention time of 24
hours. Although the system was to be connected to ten residential roofs, due to
unexpected homeowner issues seven residential roofs were connected to the system

instead but with the hope of connecting more roofs in the future.

6.3 Summary of performance testing

In order to assess the performance of the system, depth readings from the
storage facility and precipitation data were obtained at the site. The stage-storage
relationship was obtained based on which a parametric equation was defined relating
the depth and storage volume for the storage facility. This equation could be used to
estimate the volume of water available based on the measured depth in the storage
facility. A single pumping event was observed to have taken place during the entire
two-month period for which data was collected, this lack of use of the system for the
purpose of irrigation was attributed to the malfunctioning of the pump. It was
observed that during this single pumping event 3.96 cubic meters of water was
pumped out while the following precipitation event resulted in an increase in storage
by 5.08 cubic meters. Finally, a statistical test was performed to estimate whether
there actually exists a correlation between incident precipitation and change in storage
depth. Based on the test, a correlation coefficient of 0.0168 with a p-value lesser than
0.05 was estimated suggesting that although the linear correlation may be weak, it is
significant. Based on this preliminary assessment, it was concluded that the system
satisfies the goal of a stormwater management system but the system efficiency could
not be commented upon due to the lack of pumping events and the period of

observation.
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6.4 Summary of the scale up study (GIS analysis)

Using planimetric data, GIS analysis was employed to perform a sequence of
queries to obtain prospective sites where a similar RWH system as constructed at 53"
and Wyalusing Avenue could be replicated. For the analysis, only residential areas
and green spaces excluding tree canopy within the municipal boundary of
Philadelphia were considered as available space for replicating the system. To
replicate the entire RWH system it was required that the residential block have at least
1020 square meters of conjoined roof area and at least 853 square meters of green
space. Based on which, it was estimated that the entire RWH system could be
replicated at 86 residential blocks within the municipal boundary of Philadelphia. The
results were then validated by individually analyzing two residential blocks that were

claimed by the GIS analysis to be conducive for the replication of the RWH system.

6.5 Overall Conclusions

The non-parametric rainfall simulation method incorporated in SARET was
successfully used to design the RWH system at the urban agricultural facility.
Reiterating previous findings (Basinger, Montalto, & Lall, 2010), a comprehensive
analysis can be performed using SARET to obtain storage vs. catchment area
reliability curves using historic daily precipitation data, based on which volume of the
storage facility and the catchment area are estimated that would comprise the core
design of the RWH system. The bioretention facility was utilized as a cost effective
option to improve the WQ of stormwater runoff collected from residential roof areas
while StormChamber” developed by Hydrological Solutions was implemented as an
cost effective alternative to a conventional storage facility. The RWH system was
constructed to make sure available space was efficiently used and the distance

between the catchment area and storage facility was minimized. The performance of
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the system was analyzed based on a preliminary assessment using depth obtained
from the storage facility for two months. A statistical test was also performed to
establish a linear correlation between storage depth and incident precipitation that

although weak was statistically significant.

Finally a GIS analysis was performed to obtain an estimated 86 residential sites
across the municipal boundary of Philadelphia where the RWH system could be
replicated. The result was then validated by individually analyzing two residential
blocks by obtaining residential roof area and area of green space (without canopy) at

the respective sites.

6.6 Recommendations and future work
Based on this projects and the following analysis, few recommendations were made
pertaining to future work at the site as well as recommendations to improve the RWH

system:

* Though SARET can be used in order to efficiently size the RWH system,
irrigation requirements for agricultural facilities must be more rigorously
calculated. Due to inability to obtain sufficient data at the site, various
assumptions were made in order to estimate irrigation requirements. This plays an
important role since irrigation defines the demand aspect of the RWH system.

* In the future, RWH systems such as the one constructed that involve the consent
of various homeowners, a written consent must be obtained in order to ensure that
problems aren’t encountered that restricts the realization of the system.

* To better understand the efficiency with which the bioretention facility is
employed as a treatment facility, data pertaining to the WQ of the runoff must be

obtained prior and after treatment.
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Problems regarding the working of the pump such as over heating were
encountered at the site within the first few months. This setback proposed
operations and delayed the use of the system. Therefore, the pump might play a
critical role in order to conclude whether the system is a success. Hence, RWH
systems that employ underground storage facilities for the purpose of irrigation
must make sure that the pump is efficiently used to minimize wear and tear and
the pump installed can irrigate the entire facility without over burdening
operations.

With better use of the pump and regular use of the RWH system for the purpose of
irrigation as required, data can be obtained to better analyze various operational
parameters of the system and better understand the working of the system.
Comprehensive data must be obtained at the site and extensive analysis must be
performed to understand the reason behind the instantaneous discharge of water
from the storage facility after a certain depth is reached. Analysis must be
conducted with larger data sets in order to contemplate the reason behind this. For
this purpose, it is proposed that flow data from the overflow pipe in the
bioretention facility must be obtained.

Though a similar RWH system could be replicated based on the GIS analysis
performed, other constraints such as soil composition may affect the system
stability at different sites and hence before implementation, the site and its

background must be fully understood.
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Appendix A: Abbreviations

Table 7. A summary of abbreviations used throughout the text
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Abbreviation Description
NPS Non-Point Source
LID Low Impact Development
BMP Best Management Practices
CSO Combined Sewer Overflow
WPCP Water Pollution Control Plant
RWH Rain Water Harvesting
SARET Storage and Reliability Estimation Tool
HMM Hidden Markov Model
MATLAB MATrix LABoratory
GIS Geographical Information System
Ry Volumetric Coefficient for Urban Runoff
wWQ Water Quality
A Sub-catchment Area
Hiax Maximum level of ponding
te Retention time
k Coefficient of permeability for the top soil mix
dr planting soil depth
W Number of wet days
D

Number of dry days



Table 7 (continued). A summary of abbreviations used throughout the text
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Abbreviation Description
WwWw Number of wet days following a wet day
WD Number of dry days following a wet day
DD Number of dry days following a dry day
DW Number of wet days following a dry day
Pi(W) Probability of a wet day for a day “i”
Pi(WW) Probability that day “i” will be wet, given day “i-1” was wet
Pi(WD) Probability that day “i” will be dry, given day “i-1” was wet
Pi(DD) Probability that day “i” will be dry, given day “i-1” was dry
Pi(DW) Probability that day “i” will be wet, given day “i-1” was dry

NTS

Not to Scale
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Appendix B: Description of the Non-parametric rainfall simulation (SARET)

The following text gives a brief description of the non-parametric method employed
in SARET (Basinger, Montalto, & Lall, 2010). Once the historic observations are
provided as an input, a separate array is created for each day of the year for the each
observation that consists of daily precipitation year amounts for the 15 days preceding
the target day and 14 days following the target year. In this case of a 25 year
precipitation record, each day of each year consists of 750 daily precipitation amounts
in this “moving window”, the 15 days preceding the target day 1 of year 1 are the last
for 15 days of year 32 and the 14 days following the target day 365 of year 32 are the
first 14 days of year 1. Once such an array is developed, SARET calculates the
probability of a wet day that (Eq. 1), the probability of a wet day following a wet day
(Eq. 2), the probability of a dry day following a wet day (Eq. 3), the probability of a
dry day following a dry day (Eq. 4) and the probability of a wet day following a dry
day (Eq. 5) for each of the 365 days in a year. Therefore, each day “i” has its own

unique set of first order Markov chain probabilities, incorporating seasonality directly

into the rainfall generation algorithm.

Pi(W) = w
YW= Wb
Pi(WW) = w
! -~ W+D

Pi(WD) = 1 — P(WW)

DD

Pi(DD) = 557 Dw
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Pi(DW) = 1 — P(DD)

Once the five probabilities are calculated using the equations shown above, SARET
generates a synthetic series of daily wet and dry flags (a synthetic 32 year record), in
which the flag of the first day in each scenario is determined solely based on P(W),
while subsequent days looks at the “wet” or “dry” flag assigned to previous days
using the appropriate probability. For example, if day 1 was assigned a “dry” flag,
then day 2 would utilize P(DD) from the day 2 array, but if day 1 was assigned a
“wet” flag, then day 2 would utilize P(WW) from the same day 2 array, hence the
Markov relationship to prior values adds memory to the model thus improving the

robustness of the model (Basinger, Montalto, & Lall, 2010).
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Appendix C: Customized non-parametric rainfall simulation model (MATLAB)

% The purpose of this program is to mimic the capability of an HMM tool

% and thus create ten simulations (8 years x 31 days) for each station.

% for this model we assume that a dry day would have 0 mm precipitation

load Philadelphiastate2valuespostcompjan.txt

Trans(1,1)=0.4964728124873;

Trans(1,2)=0.5035271875127,;

Trans(2,1)=0.7437956038655;

Trans(2,2)=0.2562043961345; % Define the Transition Probability Matrix

emis=[1/2,1/2; 1/2,1/2]; % Define the Emission Matrix though according to this

program, might not have any implication on the resulting sequencing matrix

[seq,states][=hmmgenerate(775,Trans,emis); % use the hmmgenerate tool to generate

% the states

states=states'; % Transpose the States matrix to implement in Bootstrap

% Bootstrap is then performed for each station to obtain ten simulation for each

for j=1:1:10

for i=1:1:775

if states(i,1)==
s1(1,))=0;

else
[bootstat,bootsam]=bootstrp(100,@mean,Philadelphiastate2valuespostcompjan);
s1(i,j)=Philadelphiastate2valuespostcompjan(bootsam(1,1),1);

end

end end



Appendix D: StormChamber® chamber configurations
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Figure 29. Start chamber, middle chamber and end chamber configurations of the
StormChamber” as provided by HydroLogic Solutions



Appendix E: Pump Specifications

mh 12 24 36 48 6
}_A_A—I_L_A—I_J—A_A—{

0 4
04
0

p——
gm 5 10 15 N B

Watts HP Amps Voltage

ECOTRONIC 110
ECOTRONIC 120F
ECOTRONIC 130

800 12 8§
1000 34 10
120 1 13

115/60Hz
115/60Hz
115/60Hz

Dimensions in inches/mm
(O

A B
inch 153/4" 913/16" 1513"
mm 400 250 39
inch 153/4" 913/16" 1513"
mm 400 250 39
inch 1534" 913/16" 1513"
mm 400 250 39

ECOTRONIC 110 1"

ECOTRONIC 120F

ECOTRONIC 130 1"

On/Off
PSI

2163 16 63
m 16 0n
m U8

GPM  Max PSI

1" n




Appendix F: RWH System component list

Table 8. Rainwater Harvesting system component list at the site

Component

Specifications No. of Units (Quantity)

Stormchamber (Storage
Facility)

Heavy Duty Netting for
Storage facility

Pond Liner (for Storage
facility)

Pond Liner (for
bioretention facility)

Top Soil mix (for
bioretention facility)

Gravel (for Storage
facility)

Gravel (for bioretention
facility)

PVC pipe 1 (for Storage
facility manhole)

PVC pipe 3 (for

approx. 920 to 1265
Gallons/unit (3.49 to 4.8 4
cubic meters)

1 piece Heavy duty netting

for the Storage facility !
Will need 56' by 26'
Firestone 45 mil EPDM 1
Pond Liner
Will need 24' by 20" of
Firestone 45 mil EPDM 1
Pond Liner
Top Soil Mix 6 Cubic Yards

60 Cubic yards (assume
all that is used is Gravel)
- out of which 45 cubic
yards can be substituted
for other uniform stone

- 5 Cubic yards

Sch 40 10inch x 8ft Rigid
PVC pipe

Sch 40 8inch x 6ft Rigid
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Table 8 (continued). Rainwater Harvesting system component list at the site

Component Specifications No. of Units (Quantity)
Bioretention facility
connection to Storage PVC pipe
facility) i
PVC pipe 3 (Riser pipe for  Sch 40 4inch x 6ft Rigid 1
Bioretention facility) PVC pipe
8in to 4in pipe Adapters ~ P102-582 8" x 4" reducing 1
for Raingarden couple DVW
Elbows (Raingarden riser ~ 406-040 90 degree 4 inch 4
pipe and overflow pipe) elbow
Elbow (for overflow pipe  417-040 45 degree 4 inch 3
from Raingarden) elbow
4 way and 3way PVC pipe
connectors for 426-040 4 inch 4 way 3
Bioretention facility
PVC caps (for bioretention 1 40 4inch cap sch 40 5
facility clean out pipes)
PVC pipe couplers
(Bioretention facility to 429-080 8inch couple 1
Stormchamber)
PVC pipe couplers (4") 429-040 4inch couple 5
French Drain (for Genova Products 40051-
bioretention facility and WEST 4" dia (10 feet) 8
for overflow pipe) SDR35 Perf Pipe
PVC caps (for Manhole) 10in fabricated Flat Cap 4

4-0z non-woven Filter
fabric

Mirafi® 140 NC 4 oz.
12.5” x 360

1 (will be used for
Stormchamber and
Bioretention facility)



Appendix G: Irrigation facility at 53" and Wyalusing Avenue, Philadelphia
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Figure 30. Layout of the Irrigation facility (all dimensions in feet)
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Figure 31. Layout of growing beds at Module 1 (all dimensions in feet)
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Appendix H: Irrigation facility at 53" and Wyalusing Avenue, Philadelphia

TECH SPECS

RAINRBIRD

XF" SERIES DRIPLINE

Applications Operating Range
Rain Bied XF* Seviess Dipline & the btest » Pressurer 85 to 60 psi
e R ey Eop oy  » Fowres 06 and 09.ph
ssbing avalable, ' idedl for mgating areas + Tempesature:
whers tditional drip bubing is dfcut to nsaal Water: Up to MO
o M!spdkdhmﬂmwaﬂbjl Ambient: Up to 125F
planting amas, s well 25 areas with ight curves .+ Riaquired Fltration: 120 mesh
or many switchbocks.
Because it accepts | 7mm insert fittings,
rmmﬁzmmuu Specifications ¥~ Dripina Col
m firtings and LOC fittings » 00: 0634
it easier $han ever 10 design with, and « I 0.36°
nsal R Bid driine. i
XF" Sevies Driiie i shmple, rellablo and SR
durable. « 12,18, M spcing
Features » haaiable n 100 and 500 cols
Simple
+ Unique material offers significantly greates Models
Mnmufm@q « YAOE 12100
« YAD0612:500
which bemllh:ﬁe.OﬂdeﬁB Insaliation.
umm?mmmﬁm » NFDDE1850 -
of fecolandorly F Fbendngagerstthe  + JFD0624100
m#dhd ) « FD0-A5D How to SpecifyIOrder
Gmuldﬂmdsgnqﬁiyd « Y9110
tight curves and spaces. « YFD0%12:500 XFDJ’-O%H-WO
Accrpts Rain Bird Exsy Fit Compresson Fittings, . FD-0918100
X'F'Sclsl)&!i_’mthg.nmm . YFD09-18500
« D091 Twewrnsey "”"”"'
ty of flow raes, spacing and cod lengths YFD-0924.500 500 = 500" (1524 m)
flexibiity forarumber oo
ui;m « NFDPOE-12:500 mm
Raliable « NFO-P{6-18-500
. The pgemiterdesgn * JOP-1240 - ,,,mm
provides a corsistent flow over the entire « JFO-P{5-18-500 05 5;5-;“13“.1 18 = 18 (45,7 am)
hdhvﬁmmmh 09= 52 GPH (35 (4Y) MeM"(510an
increased refinbility in the pressure range of
BStofpa
Durable
Mlqudlﬁrglbummﬂadu
purple over black) provides enmatched
resistance %o chemicals, dgee growth and

WV damage.



Appendix I: WL16U water level logger specifications sheet

WLI16 Woer Level Logger

stainless steel (PRPM) pipe with %' NPT
male thread for morstoning pressure in
municpal waer symems. The =ensor
is calibrated for pressure with ranges
of 30 psi, 60 pa, 100 pst, and 250 p=i
available. A 10" cable is standand.

The WL-T Temperatuze Quipe: Option
monitors temperature 25 well as level
data without decreasng the loggers
storage capacity. Ths option supponts
a temperature range of 0.50° C and ac-
cumacy of 1% of reading,

Specifcations

Features

* Hghly cccurate woter level measuremenss

* Eayy %o operoty ond instoll

* Four somple modes: timed, 10 fimes por
wcond, logoritheic, and excepticn

o Userfriendly Windows™ and
Windows™ CEbesed PDA sobwore
Inchded

¢ USS ced worial communication opfions
oveilohln

* No need % remove sensor for doa
callection or batery change

¢ Umeprogrommoble stort and stop

Detokgger clormy, eegineeing ueits, ond
Namery Navvoctle Saih ranay finld colibestion wtup
Powe: Two % VDU ahkabse baterdu fac
oy e wnmmm ¢ Agomosc b p and
T femperadre compensation . .
erre ot Pwswcie conig Fer et Coble Serid Communcatiors Level Loggers
domoge o shecworics bon Coducons___ 4ot 22 ANG
T Mool Marire (ode pofpeher jocket,
: f;;"w . clywhyiare vart hba, Fl ol WL0500025 3 2
SoupCopody &) tma/dcm vomped dzko- i KR o L
8 rching boser £ Abinan WI05010050 90 %
-y 'UWFO l P Ovaice Oicrater  0.306 zs .78 WL165040 100 [ 100
mnw‘wm lergh Siaedard 25 fup 1o 50U ¥om WObs1 0150 1Y [
roe mon | >y, L WL65250000 257 307
DebyOvewrie  Sele! mewy wrog o vty Optens
:wwu‘wbwwm Sen apecioorions for WIADD Water Level Secsce, pg &
remoy it il
T rdvosee s g Bluetooth Adapter
scowory ol 00025% o | v s
:):',l“h.w“ Forems Fuwoch 20 FF Sy Port )
Erdonre 178" o, x 11.1/2" bowg e e e e e
Hicrdo s 202embng e GV Ashe 70 by covirmens s il N
Sazirhess vwel UV protacted -('mv' A Asercgn
m":mbam‘n:mm feege mesrn Jorpuecrs OuputOptce
— Tove 2. TS 140 0 o35 -
Wegh 7.6 Ion, wih botwry 0 25° _qmzrwu_ Accesseoes
catle Coprek Wml-ﬁ:gﬁ;
Coomnriczion :\f»ﬁ?ﬁlsnuwo r on 2.0, Plaw Moskos POAWL1& mhwlu
WU, V53 Ty LILSELD m locing Woll Coplr 2 piee ]‘:' ':_:"‘"
Selecnise daud sk 600, Orderin g Ophons' Bdura| Bueioch Adch:
wmo:emmm ST600. & 1] When orering, spechy f eesce s3nge 193t will covee
1L " $o maurun waw lovl chonge b your azpleotion.
Carticaien TE Corgloe uss catons Level Loggers Sove rongu inchade: 3, 157,30, 87, 120,
ol = T e
sphen WLISS0
Global Logger I Satwore — W01 AL00E025 ¥ 3 3] Whan crdering, pechy b cable leagh. WLLS svls
m Marsaek's Windom™ 99, ME, W v e inckze gt cu roid, 202 azckiow cobie gt
gﬁl’loﬂh —x%-.:o—-ws ; : 2t avcicble with cpsar WEXC up o 500 -
Fopuey Tebwhy Dagiay/Froednd. deby 0 030 3 Whan cedwing o Prase Pipe Optce, pechy fo snar
avband sgemdsbent byt 5L WLIEU050.100 &£ 10 sovge 30w, 00w, 100 gt aed 20 gm. A1/
prsges stle sk wart ord oz WAL 120150 120 150 cae g s wandand
\m;:::»m- ov heby WI5025 750 00 4] Blwxcen cdope’ 1equises wridl Wi or OF wad eve
MIE5250300 - -
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Appendix J: GIS Analysis using ArcGIS 10.1

Residential Areas
Philadelphia City Surface Hydrology

A B c D E

CITY OF PHILADELPHIA - RESIDENTIAL AREAS

Total Resldential Roof Area - approx 31 sq.miles

0051 2 3 4
™ ™ e ™ e [V
Reference Scale: 1:150,000
Projection: Lambert Conformal Conic

Figure 32. Map showing various residential areas across the city of Philadelphia
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Philadelphia City

Residential Blocks with atleast 21000 sq.ft roof area

Surface Hydrology

A

B c

0051 2 3 4

*ITY OF PHILADELPHIA - RESIDENTIAL BLOCKS WITH ATLEAST 21000 SQ.FT ROOF AREANIN R U ) ilos

Total Residential Roof Area - approx 4.3 sq.miles

Reference Scale: 1:150,000
Projection: Lambert Conformal Conic

Figure 33. Map showing Residential blocks that contain at least 1950 square meters of
roof area for the City of Philadelphia
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A B Cc D E
N
1 { g 1
PEN
2 2
3CH
3 3
4 4
i
S 5
I Vacant Land (Grass/Shrubs & Tree Canopy)
- P:ijdelphia City Surface Hydrology
A B Cc D E
0051 2 3 4
CITY OF PHILADELPHIA - VACANT GREENSPACE [l |\fles
i . Reference Scale: 1:150,000
Approximate Greenspace area - approx. 60 sq miles e P

Figure 34. Map showing green spaces (Grass/Shrubs & Tree Canopy) for the City of

Philadelphia
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0051 2 3 4
CITY OF PHILADELPHIA - GREENSPACE (EXCLUDING CANOPY) mmgm—— ;..

e G- 3 s BB e

Figure 35. Map showing green spaces (Grass/Shrubs) without Tree Canopy for the
City of Philadelphia
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s I Greenspac within residential arda( without canopy) | 5
- Residential Areas
I ehitadeiphia City Surface Hydrolagy
A B c D E

0051 2 3 4

CITY OF PHILADELPHIA - RESIDENTIAL GREENSPACE W/O TREE CANOPY e ———

Approximate Actual greenspace area - approx. 11.84 sq miles

Reference Scale: 1:150,000
Projection: Lambert Conformal Conic

Figure 36. Map showing green spaces (Grass/Shrubs) without Tree Canopy within
residential areas for the City of Philadelphia
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A c D E
1
2
3
4
Legend
5 Greenspace greater thar| 452 sq.1t (requred for chamber)
Philadeiphia Reskdential blocks selection that can e sormchamber]
Phiadeiphia City Surface Hydrology
| ety imits
A c D E
post 2 3 4
PHILADELPHIA - PROSPECTIVE SITES (FOR STORMCHAMBER) I —— e

Total Residential Green Space for use - approx 0.482 sq miles

Total number of sites that can accomodate stormchamber (incl. raingarden fiter) - 833 Projection: Lambert Conformal Conic

Reference Scale: 1:150,000

Figure 37. Map showing prospective sites for the construction of a Stormchamber
with exact specifications as that at Polselli within residential areas of at least 1950
square meters of residential roof area for the City of Philadelphia



91

A H c D B
1 1
2 2
3 3
S
°
4 ' 4
¢
"
L
« [\ Ty
&’\F Legend
5 [ Greenspace than 853 square mieter for polselli design | 5
[ ] Residentia zoes that can polselli design
[ Philadelphia Ciy Surface Hydrology
[ cylimis
A B c D E

0051 2 3 4
CITY OF PHILADELPHIA - EXACT POLSELLI IMPLEMENTATION SITES [ ™ ™ [T

Total Residential Green SpacePolseli Like design - approx 0.257 sq.mies Reference Scale: 1:150,000
Total number of residentia sites - 88 Projection: Lambert Conformal Conic
Figure 38. Map showing prospective sites to replicate the entire design at Polselli
within residential areas of at least 1950 square meters of residential roof area for the
City of Philadelphia






