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Abstract
Municipalities are experiencing a growing water management challenge as a result of population
growth in water-dependent communities. The rising cost of potable water, in addition to limits
placed on stormwater discharges, provide opportunities for the wide-scale implementation of
stormwater reuse. This thesis presents a feasibility analysis of a novel site-level stormwater reuse
concept for commercial developments in Canada. Historical rainfall data and SWMM 5.0 were
used to evaluate the hydrologic potential of the reuse system to replace potable water for end-use
demands of toilet flushing and garden irrigation on single- and multi-tenant commercial sites.
Performance criteria were used to evaluate: (i) the volume and percent potable water replaced
with reclaimed stormwater, (ii) the volume and frequency of potable water ‘top-ups’ to the
reclaimed stormwater storage facility, and (iii) the volume and frequency of overflows in the
reclaimed stormwater storage facility. A discounted payback method was used to determine the
length of time (in years) required for annual water savings to equal the initial capital investment
of the stormwater reuse system. The analysis was performed from the perspective of the private
landowner in six Canadian locations, including Vancouver, Edmonton, Regina, Saskatoon,
Toronto, and Quebec City. The methodology and results presented is intended to provide insight
to landowners and municipal bodies on the potential of site-level stormwater reuse to aid largescale adaption and implementation. The results suggest that regions with high average annual
rainfall depths produce high potable water replacement rates ranging from 64% to 99% while
cities that experience seasonal arid conditions and lower average annual rainfall depths achieve
lower potable water replacement rates in the range of 30% and 83%. The test locations of
Vancouver and Quebec achieved longer payback periods of 10 years to 26 years due to the
relative low cost of potable water. The Saskatoon and Regina locations produced shorter payback
periods ranging from 3 to 6 years due to the higher potable water prices. Toronto was found to
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have relatively short payback periods ranging from 4 to 5 years on account of its high potable
water replacement rates and high potable water prices.
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Chapter 1
Introduction
1.1 Introduction
Municipalities are experiencing a growing water management challenge as a result of population
growth in water-dependent communities. While Canada has 7% of the world's renewable
freshwater supply, water shortages were experienced in 26% of Canadian municipalities between
1994 and 1999 due to drought, aging infrastructure and increased consumption (Exall et al. 2004).
Precipitation in Canada ranges from 300 mm in the northern territories to over 1,200 mm on the
Atlantic and Pacific coasts with a national average of 600 mm (Natural Resources Canada 2012).
Despite Canada’s abundant fresh water resources, there are regions where a large gap exists
between supply and demand (Exall et al. 2004). Population growth and stricter regulations on
enhanced stormwater management (SWM) have motivated some municipalities to reuse
stormwater (Farahbakhsh et al. 2009). Stormwater reuse can reduce potable water demand and
encourage water conservation, alleviating the burden on existing drinking water and stormwater
infrastructure and potentially delay their future expansion (Farahbakhsh et al. 2009). Although
stormwater reuse is a relatively new and unregulated practice within Canada, the rising cost of
potable water, in addition to limits placed on stormwater discharges, provide opportunities for the
adoption of stormwater reuse. Environmental benefits associated with stormwater reuse include
reduced runoff volumes and pollutant loading, improved catchment hydrology through the
promotion of infiltration and water balance, and reduced energy use for pumping and distribution
of potable water (TRCA 2010). Economic benefits include meeting non-potable demand for toilet
flushing and irrigation at a lower cost than is currently possible through centralized treatment and
distribution (TRCA 2010).
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In this thesis, hydrologic modeling and economic analysis were applied to evaluate the feasibility
of a novel site-level stormwater reuse concept on commercial sites in Canada. The site-level
stormwater reuse concept is at the conceptual stage of development and, to the author’s
knowledge, no current prototypes or full-scale implementation of this reuse system exist in
Canada. The results of the hydrologic modeling and economic analysis will guide the
development and implementation of the new stormwater reuse system. As the new stormwater
reuse system is at the conceptual stage of development, it is not the intent of this thesis to present
detailed technical design information on treatment and storage components that make up the new
stormwater reuse system. To perform the hydrologic feasibility analysis, historical rainfall data
from six test cities across Canada (Vancouver, Edmonton, Regina, Saskatoon, Toronto, and
Quebec City) were analyzed with continuous simulation modeling to determine achievable
potable water replacement rates for single-tenant and multi-tenant commercial land-use
developments. The discounted payback period (DPBP), t, of the new stormwater reuse system
was determined by comparing the initial capital costs of the stormwater reuse system to the
savings achieved by replacing potable drinking water with reclaimed stormwater on site.

1.2 Overview of Stormwater Reuse System
The site-level stormwater reuse system presented in this thesis provides enhanced treatment to
stormwater taken from a stormwater management facility and distributes it to multiple customers
for non-potable uses (e.g., landscape irrigation and toilet flushing) in commercial developments.
The site-level stormwater reuse system is indicated in Figure 1and involves the capture of
stormwater from a stormwater management (SWM) wet pond to be treated and detained in a
reclaimed stormwater storage facility for non-potable end-uses of toilet flushing and landscape
irrigation. During wet periods, water in the SWM pond and reclaimed stormwater storage facility
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overflows to a receiving sewer or watercourse, and the potable water supply can ‘top-up’ the
reclaimed stormwater storage facility during prolonged dry periods.

Figure 1: Conceptual schematic of site-level stormwater reuse system for commercial
developments

1.3 Thesis Objectives
The objective of the thesis is to examine, in a preliminary manner, the feasibility of the new sitelevel stormwater reuse concept described above and indicated in Figure 1. More specifically, the
thesis seeks to examine the hydrologic performance of the SWM wet pond to service the ‘add on’
site-level stormwater reuse system (Figure 1) on single-tenant and multi-tenant commercial sites
located in six Canadian cities (Vancouver, Edmonton, Saskatoon, Regina, Toronto, and Quebec).
Continuous simulation will be used to characterize the percent of potable water replaced with
reclaimed stormwater achievable with the reuse system on the six site locations. Performance
criteria will be used to evaluate: (i) the volume and percent potable water replaced with reclaimed
stormwater, (ii) the volume and frequency of potable water ‘top-ups’ to the reclaimed stormwater
storage facility, and (iii) the volume and frequency of overflows in the reclaimed stormwater
storage facility. The thesis only examines the hydrologic performance of the reuse system;
stormwater quality considerations are not examined and are beyond the scope of this thesis. A
discounted payback method will be used to determine the length of time (in years) required for
annual water savings to equal the initial capital investment of the stormwater reuse system. The
3

discounted payback period (DPBP), t, will be determined by comparing the initial capital costs of
the reuse system to the savings achieved by replacing potable drinking water with reclaimed
stormwater on site. The analysis will be performed from the perspective of the private landowner.

1.4 Original Thesis Contributions
The research contributions made in this thesis are listed below:
1. Development of a new methodology to perform a hydrologic and economic feasibility
assessment of a site-level stormwater reuse system for commercial sites with historical
rainfall records;
2. Development of an adaptable SWMM model that allows for parameter input to
accommodate variations in SWM pond footprint and catchment parameters (such as area
and soil characteristics), end-use demands, and treatment flow rates;
3. New knowledge on the potential potable water replacement rates for typical commercial
sites in six Canadian locations;
4. New knowledge on the potential payback period of site-level stormwater reuse systems in
six Canadian locations.

1.5 Thesis Organization
The thesis conforms to the School of Graduate Studies traditional thesis format guidelines and is
organized as follows:

Chapter 2 provides a brief overview of previous research on stormwater reuse technologies and
studies in Canada. This chapter also provides an overview of current regulations in Canada
pertaining to stormwater reuse.
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Chapter 3 provides a detailed description of the methodology for the hydrologic and economic
payback period analyses. More specifically, a detailed description of the rainfall analysis
performed on the historical rainfall records for each test city is given. A detailed description of
the SWMM model developed is presented in addition to parameter selection and derivation of
treatment flow rates. Chapter 3 also presents the results of the hydrologic and economic payback
period analyses. The performance criteria used to evaluate the hydrologic feasibility of the
stormwater reuse concept are coupled with the systems capital costs and municipal water pricing
data to determine the discounted payback period (DPBP) associated with implementing the
system in each test location.

Chapter 4 concludes the thesis with an overview of the major research results and research
contributions.

1.6 Journal and Conference Publications Related to the Thesis
The contributions of this thesis have been incorporated in scientific papers submitted to peerreviewed journals and conferences. The current status of these publications is indicated below:

Nanos, M. et al. (2013). “Site-Level Stormwater Reuse: A Feasibility Analysis of Commercial
Developments in Canada.” Proc., World Environmental & Water Resources Conference, 10th
Urban Watershed Management Symposium – 2013, ASCE Cincinnati, Ohio, 335-344.

Nanos, M. et al. (2013). “Site-Level Stormwater Reuse: A Cost Assessment of Commercial
Developments in Canada.” Proc., World Environmental & Water Resources Conference, 10th
Urban Watershed Management Symposium – 2013, ASCE Cincinnati, Ohio, 330-334.
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Nanos, M. et al. (2013). “A Feasibility Analysis of Site-Level Stormwater Reuse for Commercial
Developments in Canada.” Journal of Water Resources Planning and Management (Anticipated
Submission Date: September 2013).

1.7 References
Exall, K., Marsalek, J., Schaefer, K. (2004). “A Review of Water Reuse and Recycling, with
Reference to Canadian Practice and Potential: 1. Incentives and Implementation.” Water
Quality Research Journal of Canada, 39(1), 1-12.
Farahbakhsh, K., Despins, C., Leidl, C. (2009) “Developing Capacity for Large-Scale Rainwater
Harvesting in Canada.” Water Quality Research Journal of Canada, 44(1), 92-102.
Natural Resources Canada (2012). The Atlas of Canada Mean Total Precipitation,
(http://atlas.nrcan.gc.ca/site/english/maps/environment/climate/precipitation/precip.
Accessed: November, 2012).
Toronto Region and Conservation Authority (2010). Low Impact Development Stormwater
Management Planning and Design Guide, Toronto Region and Conservation Authority,
Toronto, ON
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Chapter 2
Literature Review
2.1 Previous Research on Stormwater Reuse Technologies in Canada
In a Canadian context, research on site-level stormwater reuse is sparse. Most studies to date
focus on lot-level rainwater harvesting. Although similar in concept to rainwater harvesting using
rain barrels and cisterns, stormwater reuse systems are typically larger in size and utilize a surface
detention pond or other water storage system to capture and redistribute water on site for nonpotable end-uses. The literature review presented investigates Canadian studies on end-use
applications, provincial guidelines and regulations relevant to stormwater reuse.

The National Water Research Institute performed a review of wastewater reuse in Canada and
found that potential end-use applications of water reuse could include irrigation and toilet
flushing (Schaefer et al. 2004). The review explored potential residential and industrial uses while
emphasizing the public health concerns that may limit the widespread implementation of such
applications (Exall 2004). The Innovative Stormwater Management Practices (ISWMP) database
presents a list of green infrastructure projects in Ontario, including rainwater harvesting. The
publicly accessible database was developed by the Toronto and Region Conservation Authority
for the Ontario Ministry of the Environment as a platform for municipalities, developers and
consultants to share information regarding innovative and Low Impact Development (LID)
stormwater management practices in Ontario (TRCA 2009). According to the Canadian Institute
for Environmental Law and Policy, there is a lack of Ontario-specific and regionally-specific data
available on the performance of stormwater reuse systems at a level needed to ensure widespread
adoption of this technology by municipalities and developers. Thus, there is a need for research
7

on the performance of stormwater reuse technologies to encourage municipalities to implement
pilot projects and eventually implement stormwater reuse systems at full-scale (Binstock 2011).

The Canadian Mortgage and Housing Corporation (CMHC) in collaboration with the University
of Guelph conducted a feasibility analysis of on-site residential rainwater harvesting and
examined aspects of the technology and regulatory environments that could be enhanced to
accelerate the adoption of rainwater harvesting in Ontario (Farahbakhsh et al. 2008, 2009). The
experimental study established that the catchment area is a significant limiting factor in system
design and water savings, demonstrating that a small roof catchment produces minimal potable
water offsets (Farahbakhsh et al. 2008, 2009). Additional barriers include the significant up-front
cost of rainwater harvesting systems and the limited storage and ineffectiveness of on-site cisterns
(rain barrels) in controlling stormwater overflows during wet periods (Farahbakhsh et al. 2008,
2009).

2.1.1 Current Regulations on Stormwater Reuse in Canada
The Canadian Water and Wastewater Association (CWWA 1997) conducted a review of
regulatory barriers of on-site reuse in Canada including existing health and environmental
regulations in addition to plumbing codes and municipal bylaws. The CWWA concluded that the
main barriers to implementation were the lack of clear regulations and guidance (including
plumbing codes) across the country (Schaefer et al. 2004). As of 2004, there were no national
guidelines or supporting documentation for water reuse and recycling in Canada. At the
provincial level, only the provinces of Alberta, British Columbia and Ontario have some form of
regulatory guidance that deals specifically with reuse and recycling (Schaefer et al. 2004)
(Despins 2010).
8

The Ontario Water Resources Act (OWRA) governs stormwater in Ontario, with the Ministry of
the Environment (MOE) guidelines in place to assist municipalities in obtaining a certificate of
approval (Binstock 2011). As a part of the Environmental Bill of Rights review process, the MOE
also expressed the need for a climate-resilient stormwater management policy that would
recognize stormwater as a resource for such tasks as toilet flushing, landscape watering, etc.
(Binstock 2011). In 2006, the City of Toronto included rainwater harvesting as an example of onsite stormwater management practices (SWMPs) applicable to commercial (and industrial)
property land use types. (WWFM 2006). The 2006 Ontario Building Code, Section 7.1.5.3
explicitly allows the use of harvested rainwater for toilet and urinal flushing, proposed changes to
the code could introduce a new definition of rainwater that recognizes rainwater’s superior
quality compared to other non-potable water such as greywater. This would allow rainwater to be
used for irrigation applications and additional industrial end-uses (MMAH 2011). Additional
changes may include new and clarified requirements for the design of non-potable water systems.
The changes would require these systems to be designed, made and installed in accordance with
good engineering practice as described in various documents such as the Canadian Standards
Association B128.1 Standard (MMAH 2011).

2.2 Summary
Limited research on site-level stormwater reuse exists in a Canadian context, including a lack of
regionally-specific data available on the performance of stormwater reuse systems at a level
needed to ensure adoption of this technology by municipalities and developers. While the lack of
clear policy is limiting the widespread implementation of stormwater reuse, non-binding
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guidelines geared towards residential, lot-level systems do exist and their workings could be
expanded to larger scale installations.

2.3 References
Binstock, M. (2011). Greening Stormwater Management in Ontario. Canadian Institute for
Environmental Law and Policy, Ontario, Canada.
Canadian Standards Association (CSA) (2006) B128.1-06 Design and Installation/ Maintenance
and Field Testing of Non-Potable Water Systems, Canadian Standards Association,
Mississauga, Ontario.
CWWA (Canadian Water and Wasewater Association). (1997). Regulatory Barriers to On-Site
Water Reuse. Report to Canada Mortgage and Housing Cooperation, Ottawa, ON
Despins, C., 2010. Ontario Guidelines for Residential Rainwater Harvesting Systems 2010.
http://www.sustainabletechnologies.ca/Portals/_Rainbow/Documents/ONTARIO_RWH_
GUIDELINES_2010.pdf. Accessed on February 15, 2012.
Exall, K., Marsalek, J., Schaefer, K. (2004). “A Review of Water Reuse and Recycling, with
Reference to Canadian Practice and Potential: 1. Incentives and Implementation.” Water
Quality Research Journal of Canada, 39(1), 1-12.
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Harvesting in Canada.” Water Quality Research Journal of Canada, 44(1), 92-102.
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Chapter 3
Evaluating the Hydrologic and Economic Feasibility of Site-Level
Stormwater Reuse Systems on Commercial Sites in Canada
3.1 Introduction
Municipalities are experiencing a growing water management challenge as a result of population
growth in water-dependent communities. Stormwater reuse has the potential to reduce potable
water demand in urban areas. Interest in stormwater reuse applications is increasing as it provides
several on-site benefits such as water conservation and reduced stormwater runoff (TRCA 2010).
Reduced potable water demand can result in significant cost savings due to delayed expansion of
municipal infrastructure and lowered energy requirements for pumping and treating water (TRCA
2010). The site-level stormwater reuse concept is at the conceptual stage of development and, to
the author’s knowledge, no current prototypes or full-scale implementation of this reuse system
exist in Canada. The analyses presented in the research examine the hydrologic and economic
feasibility of implementing the stormwater reuse concept on existing or future single- and multitenant commercial developments across Canada. As the new stormwater reuse system is at the
conceptual stage of development, it is not the intent of this thesis to present detailed technical
design information on treatment and storage components that make up the new stormwater reuse
system.

3.2 Overview of Site Level Stormwater Reuse for Commercial Sites
The site-level stormwater reuse concept examined in this thesis reuses stormwater runoff captured
from a commercial site for non-potable end-uses of garden irrigation and toilet flushing in retail
units located on the site (CSA 2006). The components of the reuse system are indicated
conceptually in Figure 1.
12

Figure 1: Conceptual schematic of site-level stormwater reuse system for commercial
developments
3.2.1 Stormwater Management (SWM) Wet Pond
Wet ponds are the most common site-level stormwater management quantity and quality control
best practice in Ontario, due to their reliable operation during adverse winter and spring
conditions (MOE 2003a). As a result of freezing temperatures across Canada during the winter
season, SWM ponds may experience periods of inoperability due to factors including; pond and
pipe inverts, flow of stormwater runoff, and depth of permanent pool. As temperature data and
SWM pond functional design was not analyzed in this research, it was assumed the SWM pond is
fully operational. The lifespan of the SWM pond is outside the scope of this research.

SWM ponds are comprised of a sediment forebay and a main pond. The sediment forebay
facilitates maintenance and improves pollutant removal by preventing erosion and re-suspension
of settled sediments, while the main pond features an active storage cell and permanent pool that
provides extended settling and biological removal of pollutants (MOE 2003b). Stormwater flows
through the sediment forebay and the permanent pool of the pond to provide a pre-treatment of
the ‘first flush’ that removes suspended solids (TSS), BOD, and organic nutrients (MOE 2003a).
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During a storm event, the SWM wet pond detains stormwater runoff in the active storage cell and
releases the stormwater slowly through an outflow control structure (MOE2003a). The
commercial sites tested in this study have existing SWM wet ponds for quantity and quality
control as mandated by the provincial regulatory agencies such as the Ontario Ministry of the
Environment (MOE 2003a). In this thesis, the site-level stormwater reuse system is treated as an
‘add-on’ system to the mandatory SWM end-of-pipe facility (wet pond) on commercial sites in
Canada. The storage volume utilized to supply stormwater to the reuse system is located below
the outfall orifice elevation and above the reuse system’s intake orifice elevation, allowing for a
minimum permanent pool depth of 1 metre as per MOE requirements. Figure 2 illustrates
conceptually the volume of detained stormwater in the SWM pond that supplies the reuse system.

Figure 2: Schematic of stormwater management pond
3.2.2 Site Level Stormwater Reuse System
The stormwater reuse system includes a treatment facility, a reclaimed stormwater storage tank
and a pipe network to distribute the reclaimed stormwater to non-potable end-users (Figure 1).
Stormwater detained in the SWM wet pond is conveyed through an outflow control structure to a
treatment facility (e.g., micro-filtration, ultraviolet, and chlorination) that treats the stormwater
for non-potable uses. The treated stormwater is then pumped and detained in a reclaimed
stormwater storage tank. During wet periods, the reclaimed stormwater storage tank can overflow
to a receiving sewer or watercourse. During dry periods, a potable water main connection
14

supplements or ‘tops-up’ the reclaimed stormwater storage tank to prevent it from emptying and
to ensure reliable water service to the retail user (CSA 2006). The reclaimed stormwater is then
distributed for the non-potable end-uses of garden irrigation and toilet-flushing in a retail building
on a commercial site.

The objective of the thesis is to examine, in a preliminary manner, the feasibility of the new sitelevel stormwater reuse concept described above and indicated in Figure 1. More specifically, the
thesis seeks to examine the hydrologic performance of the SWM wet pond to service the ‘add on’
site-level stormwater reuse system (Figure 1) on single-tenant and multi-tenant commercial sites
located in six Canadian cities (Vancouver, Edmonton, Saskatoon, Regina, Toronto, and Quebec).
Continuous simulation will be used to characterize the percent of potable water replaced with
reclaimed stormwater achievable with the reuse system on the six site locations. Performance
criteria will be used to evaluate: (i) the volume and percent potable water replaced with reclaimed
stormwater, (ii) the volume and frequency of potable water ‘top-ups’ to the reclaimed stormwater
storage facility, and (iii) the volume and frequency of overflows in the reclaimed stormwater
storage facility. The thesis only examines the hydrologic performance of the reuse system;
stormwater quality considerations are not examined and are beyond the scope of this thesis. A
discounted payback method will be used to determine the length of time (in years) required for
annual water savings to equal the initial capital investment of the stormwater reuse system. The
discounted payback period (DPBP), t, will be determined by comparing the initial capital costs of
the reuse system to the savings achieved by replacing potable drinking water with reclaimed
stormwater on site. The analysis will be performed from the perspective of the private landowner.
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A detailed description of the methodology for the hydrologic and economic payback period
analyses is provided in the subsequent sections. More specifically, a detailed description of the
rainfall analysis performed on the historical rainfall records for each test city is given. A detailed
description of the SWMM model developed is presented in addition to parameter selection and
derivation of treatment flow rates. The results of the hydrologic and economic payback period
analyses are also presented. The performance criteria used to evaluate the hydrologic feasibility
of the stormwater reuse concept are coupled with the systems capital costs and municipal water
pricing data to determine the discounted payback period (DPBP) associated with implementing
the system in each test location.

3.2.3 Single-Commercial and Multi-Tenant Commercial Test Sites
The hydrologic performance of the stormwater reuse system was tested on a single-tenant
commercial site and a multi-tenant commercial site. (Site plans of both sites were not included in
this thesis because of standing confidentiality agreements.) The single-tenant site consists of a
large retail building, with a paved parking area that covers approximately half the site. The multitenant site comprises of sixteen medium-sized retail units, two large commercial retail buildings
(retail anchors), and a paved parking area that covers approximately 70% of the site area. The
land use coverage for each site and the percent of imperviousness are indicated in Table 1. The
two sites were selected as they represent typical single-tenant and multi-tenant commercial land
uses in urban areas in Canada.
Table 1: Test site land use distribution
Land Use Type
Rooftop Area
Paved Area
Landscaped Area
Total Site Area

Single-Tenant
1.47 ha
3.25 ha
1.88 ha
6.60 ha
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Multi-Tenant Imperviousness (% )
3.70 ha
95
12.10 ha
90
1.70 ha
25
17.5 ha

Both sites have constructed SWM wet ponds to provide runoff quantity and quality control in
compliance with provincial and municipal standards (MOE 2003a). The storage volume data for
the SWM ponds are shown in Table 2. The role of the SWM wet ponds in the stormwater reuse
system is to remove total suspended solids (TSS) and provide a ‘first-flush’ pre-treatment, and to
provide a large and reliable supply of stormwater to the reuse system during extended dry
periods.
Table 2: SWM pond storage data
Component
Permanent Pool
Active Storage
Total Volume

Single-Tenant
1,650 m3
2,610 m3
4,260 m3

Multi-Tenant
5,206 m3
4,254 m3
9,460 m3

The sites were translocated to six Canadian cities where the hydrologic performance of the new
stormwater reuse concept (Figure 1) was evaluated using continuous simulation. The test sites
include Vancouver, Edmonton, Saskatoon, Regina, Toronto, and Quebec. The selected sites
represent a number of Canada’s fastest growing municipalities (Statistics Canada 2011).

3.3 Hydrologic Analysis
3.3.1 Meteorological Analysis
Historical rainfall data was analyzed to determine the volume and the time distribution of
stormwater runoff produced at the six site locations. Figure 3 indicates the geographic location of
the test sites and their monthly rainfall averages.
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Figure 3: Canadian test sites with monthly rainfall averages (mm)
Table 3 below presents the rain gage locations for each test city and corresponding climate ID.
The climate ID is a 7 digit number assigned by the Meteorological Service of Canada to a site
where official weather observations are taken. This serves as a permanent, unique identifier.
Table 3: Test site location climate ID
Location
Vancouver
Edmonton
Saskatoon
Regina
Toronto
Quebec

Rain Gage Location
Vancouver Intl Airport
Edmonton Intl Airport
Saskatoon Diefenbaker Intl Airport
Regina Intl Airport
Toronto Lester B. Pearson Intl Airport
Quebec/Jean Lesage Intl Airport

Climate ID
1108447
3012205
4057120
4016560
6158733
7016294

The length of rainfall records with a time step of one (1) hour varied from 34 years to 44 years
depending on the availability of rain gage data for each test location. Further, a 1-minute time
step was used in SWMM 5.0 (Rossman 2010) in order to accurately simulate variations in water
levels and flows in the SWM pond and the reclaimed stormwater tank. The memory and
computational restrictions of the SWMM 5.0 program precluded the use of rainfall records longer
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than 20 years. Therefore, a ranking system was formulated to select 20 representative years from
the complete rainfall record of each site.

The ranking system analyzed the historical rainfall record and was used to compile the following
statistics: (1) rainfall volume in each year of rainfall record, (2) number of storm events in each
year of rainfall record, (3) average storm event depth in each year of rainfall record, and (4)
average storm event duration in each year of rainfall record. The four statistics above were also
compiled for the entire length of rainfall record (henceforth called the series averages). The
absolute difference between series averages and annual averages were calculated and ranked from
1 to n, where n was the total number of years in the data series. The year with the smallest
difference from the series average was assigned a ranking of 1. This process was carried out for
the remaining statistics to produce a cumulative rank. The twenty years with the lowest
cumulative rank were used as the representative years. The ranking method also removed outlier
years in the rainfall record where inconsistencies in rain gage readings were evident. The
simulations did not analyze the system under extreme drought or wet conditions.
3.3.2 Non-Potable Demands for Toilet Flushing and Irrigation
The non-potable demand for toilet flushing and irrigation were determined using the following
usage rates: Water use in commercial buildings in Ontario was set to 28 m3/ (ha d) (MOE 2008).
Restrooms account for 26% of total water use in commercial retail buildings (Gleik et al. 2003),
and toilet and urinal flushing account for 89% of water use in restrooms. Further, landscaping and
irrigation account for 38% of total water use in commercial buildings (Gleik et al. 2003). With
these usage rates, average day non-potable demand for toilet flushing and irrigation were
calculated for the single-commercial and multi-tenant sites in Table 4. The table indicates non19

potable demands for the growing season (April to October) when water is used for toilet flushing
during store hours (15 hours per day) and water is used for irrigation during a 40 minute period in
the morning prior to the opening time of the store (Couldrey 2012). Table 4 also reports nonpotable demands for the winter season (November to March) when water is used for toilet
flushing during store hours (15 hours) and no irrigation takes place. The non-potable water
demand diurnal patterns described above were modeled with SWMM 5.0 with a pump element
and by adjusting a pump curve multiplier to set the demand at the correct level depending on the
time of day and month of the simulation. The diurnal demand curves for the single-tenant
commercial site are shown below in Figure 4.
Table 4: Diurnal demand patterns for the growing season and winter season

Duration
Toilet Flushing
Irrigation
Total Demand

Growing Season
S-T
M-T
April to October
9,524 LPD
23,973 LPD
15,641 LPD
39,368 LPD
25,165 LPD
63,341 LPD
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Winter Season
S-T
M-T
November to March
9,524 LPD
23,973 LPD
0 LPD
0 LPD
9,524 LPD
23,973 LPD

Figure 4: Diurnal demand patterns for the growing season (April to October) and winter
season (November to March) for the single-commercial site
3.3.3 Continuous Simulation with SWMM
SWMM 5.0 (Rossman 2010) was used to perform continuous simulations to evaluate the potable
water replacement rates of the new stormwater reuse system on the single-tenant and multi-tenant
commercial sites at the six Canadian locations. Figure 5 indicates the SWMM model of the
stormwater reuse system. In this model, rainfall (1) is collected on sub-catchment surfaces (2) and
site runoff (Qrunoff) is transported to the SWM wet pond (3) for detention. During wet weather
events, stormwater in the wet pond is discharged through the orifice plate (Qorifice) (3b) of the
outflow control structure and/or over a berm that acts as an overflow weir (Qweir) (3a). A screened
intake pipe positioned above the SWM pond’s permanent pool conveys stormwater to the
treatment facility (4). From the treatment facility, reclaimed stormwater is pumped to the
reclaimed stormwater storage tank (Qtreat) (5) to satisfy non-potable water demands(Qdemand) (6)
(e.g., toilet flushing and irrigation). During wet periods, the reclaimed stormwater storage tank
can overflow to a receiving sewer or watercourse (Qoverflow) (6c). During extended dry periods, the
potable water supply system ‘tops-up’ (7) the reclaimed stormwater tank to prevent it from
emptying and to ensure reliable water service to the commercial user (Qmains).
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The sub-modules used to simulate each component of the SWMM 5.0 model in Figure 5 are
described next.

Figure 5: SWMM 5.0 model of commercial catchment, SWM pond, and stormwater reuse
system
3.3.4 Rainfall-Runoff Analysis
SWMM 5.0 and continuous simulation were used to transform the hourly rainfall data into a timeseries of runoff entering the SWM pond. The parking surfaces and roof catchments were assumed
to have runoff coefficients of 0.90 and 0.95 respectively, while the landscaped areas were
assumed to be 0.25 (Rossman 2010). Soil classifications corresponding to specific geographical
location served as input and time of concentration (tc) values required for overland flow
calculations were provided by an industry partner (Couldrey 2012) and are based on SWM design
standards from each municipality (MOE 2003).
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3.3.5 Stormwater Management Pond Routing
SWMM 5.0 was used to route inflows and outflows through the SWM pond and simulate the
water level variation in time. The routing algorithm solved the continuity equation for inflow and
outflows in the SWM pond (Figure 5).
dH pond
dt



Qrunoff  Qtreat  Qweir  Qorifice
A pond

(1)

,

where dH = incremental change in water level in the pond, Qrunoff = runoff from commercial site
to pond, Qtreat = flow to treatment facility, Qweir = weir overflow, Qorifice = outlet orifice flow, Apond
= surface area of SWM pond. The trapezoidal weir function in SWMM 5.0 was used to model the
SWM pond overflow weir as in (2)
Qweir  Cw Lh3 / 2  Cws Sh 5 / 2 ,

(2)

where Cw = weir discharge coefficient, L = weir length, S = side slope of weir, h = head
difference across the weir, and Cws = discharge coefficient through sides of trapezoidal weir. A
flap-gate was also included to prevent backflow. The orifice at the outlet flow control structure of
the pond controls discharges, Qorifice, to a receiving storm sewer and/or open channel and was
modeled as fully-submerged orifice flow in SWMM 5.0.

3.3.6 Treatment Facility and Pump Control
The treatment/pump facility (Figure 5) conveys stormwater from the SWM pond to the reclaimed
stormwater tank. A detailed schematic of the reclaimed stormwater tank is indicated in Figure 6.
The tank design is taken from CSA Standard B128.1-06 (CSA 2006).
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Figure 6: Schematic of reclaimed stormwater tank
The treatment facility is modeled as a pump in SWMM 5.0 and the on/off status is governed by
the water levels in both the SWM pond and the reclaimed stormwater tank. The pump status is on
when both the following conditions are met: (1) Water level in the SWM pond is above the
treatment facility pipe intake and, (2) Water level in the reclaimed tank is below 0.95WLmax. If
either of these conditions is not met, the pump status is set to off in order to prevent air
entrainment into the system or to avoid unnecessary reclaimed tank overflows.

As mentioned, the treatment pump initiates shutdown at the 0.95WLmax in order to mitigate
unnecessary overflow events. The 'buffer' area between 0.95WLmax and WLmax allows the
treatment facility pump to reduce from maximum flow to 0 L/s. Note that the ‘buffer’ is
employed to address the time-step (60 s) requirement in SWMM 5.0 for the treatment pump to
achieve maximum flow rate and an additional time-step (60 s) to reduce to 0 L/s. This ‘buffer’
will be discussed further in the subsequent section.
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3.3.6.1 Determination of Treatment Flow Rates
Two treatment scenarios were developed for the continuous simulations in order to evaluate the
impact various treatment flow rates and reclaimed stormwater tank volumes will have on potable
water replacement rates. The scenarios used in the simulations are described below.
3.3.6.1.1 Scenario A
The treatment scenario A was designed to achieve the maximum achievable potable water
replacement rate for each test location. Treatment scenario A was designed by setting Qtreat to the
maximum demand for irrigation and toilet flushing. Irrigation demand governs the reclaimed tank
design as it is an order of magnitude larger than toilet flushing demand. By setting Qtreat equal to
the maximum demand for irrigation and toilet flushing, the reclaimed tank should theoretically
never drawdown below the 0.95WLmax treatment pump on/off control, as long as there is a
sufficient volume stormwater in the SWM pond to meet end-use demands. This eliminates the
dependence on the potable supply system. Potable ‘top-up’ events will occur on days where the
water level in the SWM pond is below the treatment facility intake elevation. The advantages
associated with this treatment scenario are that it maximizes the potable water replacement
potential (volume) for each site and minimizes the dependence on the potable supply system. The
disadvantages of adopting a treatment flow rate equal to the maximum demand for irrigation are
the potential of an oversized treatment flow rate for smaller reclaimed storage tank volumes,
resulting in excessive overflow events. Since the scenario causes water levels to fluctuate close to
the overflow level (WLmax), pumps switch “on” and “off “more frequently which can accelerate
wear-and-tear and the water quality in the tank can degrade in the absence of any regular water
level drawdown in the tank.
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3.3.6.1.2 Scenario B
A second treatment scenario was designed based on reclaimed stormwater tank volume in order
to allow for complete drawdown without relying on potable supply. This design is intended to
mitigate the drawbacks of treatment scenario A. The treatment scenario will accommodate the 40
minutes (2,400 seconds) of irrigation drawdown the system will experience during the summer
months. The treatment flow rate was determined using (3), where the active storage is defined as
the volume in the reclaimed tank between the 0.95WLmax treatment pump control and the potable
water ‘top-up’ initiation elevation multiplied by the area of the tank (Figure 6).

Qdemand  Qtreat  

Vactive storage
2,400 s

,

(3)

By using a treatment flow rate proportional to the tank size, treatment volumes will be reduced
resulting in decreased overflow volumes/events. Additional benefits with this scenario are: (i)
improved water quality by allowing reclaimed tank drawdown, and (ii) smaller pumping
requirements, smaller capital costs, and lower energy requirements. The treatment flow scenarios
for the single-tenant and multi-tenant simulations are summarized in Table 5.
Table 5: Diurnal demand patterns for the growing season and winter season
Treament Flow
Scenarios
Scenario A
Equal to irrigation demand
Scenario B
Determined by tank volume

Single-Tenant

Multi-Tenant

Qtreat = 6.517 L/s

Qtreat = 16.403 L/s

Qtreat = -0.1667(Vtank ) + 6.517

Qtreat = -0.1667(Vtank ) + 16.403

3.3.6.2 Reclaimed Tank Water Levels during Growing Season
A single pump control rule was used for both the growing season and the winter season. During
the growing season, when sufficient stormwater volumes were available in the SWM pond (water
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level was above the treatment facility intake elevation) the reclaimed stormwater tank maintained
a constant water level between 0.95WLmax and the overflow orifice in order to meet irrigation
demands without reliance on potable ‘top-ups’. A plot of water level in the reclaimed stormwater
tank is shown in Figure 7 for a typical 24-hour period during the growing season for Treatment
Flow Scenario B. In Figure 7, the water level decreases dramatically to meet the high irrigation
demand that initiates at 5 a.m. and lasts for 40 minutes. Following the morning irrigation period,
the water level increases to an elevation close to the orifice overflow elevation. In the growing
season, the 40 minutes of irrigation in Figure 7 provides a changeover in the active storage of the
reclaimed storage tank in a single 24-hr period under the Treatment Flow Scenario B.

Figure 7: Water level in the reclaimed tank for a typical 24-hour period (growing season)
3.3.6.3 Reclaimed Tank Water Levels during Winter Season
The same treatment facility pump control was employed during the winter season as in the
growing season. A plot of water level in the reclaimed stormwater tank is shown in Figure 8 for a
typical 24-hour period during the winter season for Treatment Flow Scenario B. The absence of
the 40-minute irrigation demand in the winter season eliminates any tank drawdown and causes
the water level in the tank to fluctuate near the orifice overflow elevation. The constant full water
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levels in the storage tank could potentially degrade the stormwater quality in the reclaimed
stormwater tank. It should be noted that for small tank sizes, this pump control scheme causes
pumps to switch on/off frequently, which may induce premature wear-and-tear in these pumps. It
should also be noted that the pump control scheme was not optimized for the feasibility analysis
but would need to be addressed to reduce on/off switches in practice.

Figure 8: Water level in the reclaimed tank for a typical 24-hour period (winter season)
3.3.7 Reclaimed Stormwater Tank Routing
SWMM 5.0 was used to route inflows and outflows and simulate the water level variation in the
reclaimed stormwater tank by solving the continuity equation in (4).
dH tak
dt



Qtreat  Qmains  Qdemand  Qoverflow
Atak

,

(4)

The inflows and outflows to the reclaimed tank are indicated in Figure 6, where Qtreat = flow from
treatment facility to reclaimed stormwater tank, Qmains = potable water supply ‘top-up’ flow,
Qdemand = demand for non-potable uses of toilet flushing and irrigation, Qoverflow = reclaimed tank
orifice overflow, Atank = surface area of reclaimed stormwater tank. Weir and orifice parameters
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are as described in the previous section for the SWM pond (Rossman 2010). The potable water
supply must be supplied through an air gap to protect against cross-contamination and the
reclaimed tank must also have an overflow, Qoverflow, at the appropriate discharge point (CSA
2006). SWMM 5.0 and the routing equation in (4) were used to determine (i) the volume and
percent potable water replaced with reclaimed stormwater, (ii) the volume and frequency of
potable water ‘top up’ to the reclaimed stormwater storage facility, and (iii) the overflow volume
and frequency in the reclaimed stormwater storage facility.
3.3.8 Potable Water (Mains) ‘Top-Up’
The potable water supply mains ‘top-up’ was modeled using a pump element and a pump curve in
SWMM 5.0 and the control logic in (5). When the water level is half way to the maximum water
level (WLmax) in Figure 6, the valve to the water supply connection is closed and the mains ‘topup’ flow is zero. When the water level is at a point half to a third of the way to WLmax, the water
supply mains ‘top up’ flow is assumed proportional to the water level between these two level set
points, as in (5). If the water level drops below a third of the way to WLmax, then the valve that
connects the potable supply system to the tank is fully open and the mains ‘top-up’ flow is
assumed to be at its maximum value Qmains max to prevent the storage tank from emptying
completely. The logic provided below is as suggested by CSA standard B128.1-06 for the Design
of Non-Potable Water Systems (CSA 2006).

0,

1

WL  WLmax

3
Qmains  Qmainsmax 
 Qmainsmax ,
1
1

WLmax  WLmax
2
3


Qmainsmax ,
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WL  WLmax
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WLmax  WL  WLmax ,
3
2
1
WL  WLmax
3

(5)

3.3.9 Hydrologic Analysis Results
Continuous simulations with SWMM 5.0 were completed for the single-tenant and multi-tenant
sites in the six Canadian locations. Treatment flow scenarios A and B were evaluated for a range
of reclaimed tank sizes. Simulations were run with representative 20-year time series of rainfall at
each site and the percent of potable water replaced with reclaimed stormwater was determined
using (6).
 Non  Potable Water Supplied  Potable Top Up 
  100 ,
% Potable Re placement  
Total Potable Demand



(6)

Where, % Potable Replacement = percent of potable water replaced with reclaimed stormwater,
Non-Potable Water Supplied = volume of non-potable water supplied to users to meet nonpotable demand for toilet flushing and irrigation, Potable Top Up = volume of potable water
added to the reclaimed tank, Total Potable Demand = volume of potable water demand for toilet
flushing and irrigation based on the diurnal patterns in Figure 4. Output files from the simulations
can be found in the Appendices.

Figure 9 presents the maximum potable water replacement rates for the single-tenant and multitenant commercial test site locations. The results in Figure 9 correspond to the maximum
achievable replacement rates for the treatment flow Scenario B using a 60 second simulation
time-step. Treatment Scenarios A and B were observed to produce potable water replacement
rates within 1% of each other, therefore the results in Figures 9 to 14 a-b are also indicative of the
potable water replacement rates achieved with Scenario A treatment flow rates.
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Figure 9: Percent potable water replacement with reclaimed stormwater in singlecommercial and multi-tenant sites at the six Canadian locations.
The results in Figure 9 indicate that regions that experience high average annual rainfall depths
such as Vancouver (1,070 mm) and Toronto (586 mm) produce high potable water replacement
rates ranging from 64% to 99%. (Note that 99% potable water replacement indicates that 99% of
potable water used for irrigation and toilet flushing demand was replaced by the reclaimed
stormwater reuse system in the 20-year simulation). A comparison of site runoff and non-potable
demand (not shown) suggests that when the reuse system is located in cities that experience
seasonal arid conditions and lower average annual rainfall depths such as Edmonton (315 mm),
Regina (279 mm), and Saskatoon (219 mm), potable water replacement rates are lower and range
between 30% and 83%. In cities that experience less rainfall, there is a great reliance on potable
water supply ‘top-ups’ since there is less stormwater available in the SWM pond. Figure 9 also
indicates that the multi-tenant site produces higher potable water replacement rates than the
single-tenant site in all test locations. The higher replacement rates is attributed to the multi-

31

tenant sites larger catchment area and SWM pond storage volume, thus more stormwater is
available for reuse in the 20-year simulations.

The analysis also examined the effect increasing the reclaimed stormwater tank size has on the
potable water replacement rates at all six test locations. Figure 10 a-b indicates potable water
replacement rates (y-axis) as a function of reclaimed stormwater tank size (x-axis) for the
Scenario B treatment flow rate for all six test locations. (As before, since treatment Scenarios A
and B produced potable water replacement rates that were within 1% of each other, the results in
Figure 10 a-b are indicative of the potable water replacement rate observed with Scenario A
treatment flow rates.)

(a)
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(b)
Figure 10: Percent of potable water replaced with reclaimed stormwater in: (a) singlecommercial sites, and (b) multi-tenant sites at the six Canadian locations.
For smaller stormwater tank sizes (between 1-3 m3), increasing the tank size effectively increases
the potable water replacement rate. This is owing to the fact that adding more reclaimed
stormwater tank storage reduces the number of times the tank will empty during seasonal arid
periods (when the irrigation demand is high) and thus reduce the need for potable water ‘top-ups’
to prevent tank emptying. For storage tank sizes exceeding 3 m3, increasing tank size only
increases potable water replacement rate by a marginal amount. This is due to the fact that for
larger tank sizes it is the amount of rainfall that a site receives and the availability of stormwater
in the SWM pond that controls the potable water replacement rates in the system. This is apparent
in Figure 10 a-b where the potable water replacement rates for Edmonton, Regina, and Saskatoon
(which all experience low annual rainfall depths) are lower than those for Vancouver, Toronto
and Quebec for all tank sizes considered. Tank sizes above 6 m3 for single-tenant sites and 15 m3
for multi-tenant sites produce negligible additional potable water replacement. Regina and
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Saskatoon locations that experience seasonal arid conditions will experience significant
evaporation losses. However, since temperature is not accounted for in the model, these losses are
not quantified in the simulations and consequently are not incorporated in the replacement rate
results.

Figure 11 a-b and Figure 12 a-b indicate the volume and frequency of potable mains ‘top-ups’ to
the reclaimed stormwater tank. Potable mains ‘top-ups’ occurred in the system when there were
insufficient volumes of stormwater in the SWM pond to meet non-potable water demands. (A
minimum water level of 1 metre in the SWM pond is maintained to comply with MOE permanent
pool requirements (MOE 2003a)). Simulations were conducted starting with January 1st of every
year. Therefore, the reuse system operated on potable supply until the SWM pond captured runoff
from the first rain event recorded in the rainfall data set. Figure 11 a-b presents the total volume
of potable ‘top-ups’ to the reclaimed tank during the 20-year simulation.

(a)
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(b)
Figure 11: Volume of potable mains ‘top-up’ supplied to reclaimed stormwater tank in: (a)
single-commercial sites, and (b) multi-tenant sites at the six Canadian locations.

(a)
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(b)
Figure 12: Frequency of potable mains ‘top-up’ supplied to reclaimed stormwater tank in:
(a) single-commercial sites, and (b) multi-tenant sites at the six Canadian locations.
The Vancouver and Toronto sites that experience high annual rainfall averages maintain water
levels in the SWM pond well above the intake level and experience a small number of mains
‘top-up’ events (Figure 12 a-b) to satisfy the non-potable demands when SWM pond water level
dips below the treatment facility intake elevation. Conversely, the Saskatoon, Edmonton, and
Regina sites with lower annual rainfall averages have a greater dependence on potable water
mains ‘top ups’ to maintain minimum acceptable water level in the reclaimed stormwater tank,
ensuring the reuse system can meet irrigation demand during the growing season. Mains supply is
a key factor in determining replacement rates, resulting in colder and arid regions to have a
greater dependence on potable supply to supplement the stormwater storage tank during periods
of drought. Toronto and Vancouver experience a better distribution of rainfall throughout the
year, resulting in a more consistent water level in the stormwater management pond, mitigating
the reliance on mains top up. This allows the reuse system to become more effective at smaller
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tank sizes, where the colder and arid regions experience more gradual improvements in tank
performance as show in Figure 12.

Figure 13 a-b and Figure 14 a-b indicate the volume and frequency of orifice overflows in the
reclaimed stormwater tank. Tank overflows are greater for small tank sizes, and decrease with an
incremental increase in tank size. The overflow events are attributed to the marginal storage
volume available between the 0.95WLmax treatment pump shut-off control and the overflow
orifice (WLmax) of the tank.

(a)
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(b)
Figure 13: Volume of overflows from reclaimed stormwater tank in: (a) single-commercial
sites, and (b) multi-tenant sites at the six Canadian locations.

(a)
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(b)
Figure 14: Frequency of overflows from reclaimed stormwater tank in: (a) singlecommercial sites, and (b) multi-tenant sites at the six Canadian locations.
When the water level in the tank reaches the shut-off depth, the treatment facility initiates
shutdown, however it does not shutoff instantaneously (requires one time-step), producing
additional treated stormwater as the flow rate reduces to 0 L/s. The additional volume of
reclaimed water exceeds the amount of available storage creating overflow events. The results in
Figure 13 a-b and Figure 14 a-b show a plateau where a tank size of 6 m3 mitigates overflows in
the reclaimed storage tank for the single-tenant site and a tank size of 15 m3 for the multi-tenant
site for all test cities. The plateaus are established once the buffer between the 0.95WLmax shutoff
point and the overflow orifice is sufficient enough to handle the 120s (2 time-steps) required for
the treatment pump to reach maximum flow rate (60 s) and decrease to 0 L/s (60 s).

The wetter regions of Vancouver, Toronto, and Quebec City produced larger overflow volumes
than the drier regions of Saskatoon, Regina and Edmonton. This is due to the fact that overflows
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are attributed to the utilization of the treatment pump and the available storage in the reclaimed
tank between the 0.95WLmax shutoff control and overflow orifice elevation. If the site produces
sufficient amounts of runoff to supply the reuse system, the treatment facility will supply the
storage tank instead if the potable supply. For small storage tank volumes (under 6 m3 for singletenant sites and 15 m3 for multi-tenant), the buffer between 0.95WLmax and the overflow orifice
elevation is unable to handle the volumes produced by the start-up and shut-down of the
treatment pump resulting in overflow events.

3.4 The Effect of Time-Step on Overflow Volumes and Frequency of Overflows in
the Reclaimed Storage Tank
Continuous simulations in SWMM 5.0 were used to determine the effect time-step has on the
volume and frequency of overflows in the reclaimed stormwater storage tank. Simulations were
conducted on the single-tenant and multi-tenant test sites for the Toronto location. The results of
the single-tenant simulations are shown in Figure 15.

Figure 15: Volume of overflows from reclaimed stormwater tank for varying time-steps
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The results indicate that a decrease in time-step produces a decrease in overflow events. Overflow
events in the storage tank occur when the volume produced by the treatment facility during shutdown exceeds the available storage in the tank between the 0.95WLmax shut-off point and the
overflow orifice elevation.

The volume of reclaimed stormwater produced by the treatment pump after the reclaimed tank
water level reached the 0.95WLmax control point can be calculated using (6).

3
Vshutoff    * TS * Qtreat ,
2

(6)

Figure 16 : Volume produced by treatment facility once water level control point is
established in tank

Figure 16 and (6) illustrate that an increase in time-step will result in an increase in excess
reclaimed stormwater produced after the control water level is reached in the storage tank. This is
evident in Figure 13 where the reuse system produced significant overflow volumes since the 5%
capacity was unable to accommodate the excess reclaimed water during treatment pump shut41

down. As the simulations utilized a 60 second time-step, storage requirements are greater than
those required for a 5 second simulation time-step.

In order to determine the tank volumes and the corresponding treatment flow rates (under
Scenario B) that would produce unnecessary overflow events for the 0.95WLmax control rule, a
comparison of available storage vs. volume produced was performed. The calculations are shown
in Table 6 and Table 7. The values in Table 6 were calculated using (6). A “No” in Table 7
indicates that an overflow event will not occur, indicating that the 5% storage tank capacity is
sufficient in handling the excess reclaimed stormwater for a given time-step, treatment flow rate,
and storage tank volume.
Table 6: Reclaimed stormwater volume produced by treatment facility during “shut-down”
process
Tank Vol
3

(m )
1
2
3
4
5
6
7
8
9
10
15

Qtreat
(L/s)
6.350
6.184
6.017
5.850
5.684
5.517
5.350
5.184
5.017
4.850
4.017

Time Step (s)
5
47.63
46.38
45.13
43.88
42.63
41.38
40.13
38.88
37.63
36.38
36.38

15
142.88
139.14
135.38
131.63
127.89
124.13
120.38
116.64
112.88
109.13
109.13

30
285.75
278.28
270.77
263.25
255.78
248.27
240.75
233.28
225.77
218.25
218.25
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45
428.63
417.42
406.15
394.88
383.67
372.40
361.13
349.92
338.65
327.38
327.38

60
571.50
556.56
541.53
526.50
511.56
496.53
481.50
466.56
451.53
436.50
436.50

120
1,143.00
1,113.12
1,083.06
1,053.00
1,023.12
993.06
963.00
933.12
903.06
873.00
723.06

Table 7: Predicting an overflow event
Tank Vol Available Storage
(L)
Vol (L)
1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
9,000
10,000
15,000

50
100
150
200
250
300
350
400
450
500
750

Overflow Event
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO
NO

YES
YES
NO
NO
NO
NO
NO
NO
NO
NO
NO

YES
YES
YES
YES
YES
NO
NO
NO
NO
NO
NO

YES
YES
YES
YES
YES
YES
YES
NO
NO
NO
NO

YES
YES
YES
YES
YES
YES
YES
YES
YES
NO
NO

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
NO

To provide an Example, a 1 m3 tank will have (5% x 1 m3) 50 L of available storage between the
0.95WLmax control point and the overflow orifice elevation. The volume produced by the
treatment pump after the 0.95WLmax control point is (3/2 x 5 s x 6.350 L/s) 47.63 L, less than the
available storage, therefore, no overflow will occur.

The results in Table 6 were calibrated to simulation results in order to confirm the Figure 16
values. The values in Table 8 present the overflow volumes produced after the 20-year simulation
for treatment Scenario B for 60 second simulation time-steps. The same process was carried out
for the multi-tenant site (Toronto).
Table 8: Overflow volume produced after 20-year simulation
Tank Vol
(L)
1
2
4
6
8
10
15

Overflow Volume (m3 ) Over 20-Yr Simulation
0
0
0
0
0
0
0

32,992
31
0
0
0
0
0

96,879
30,970
51
0
0
0
0
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179,426
52,561
7,331
104
0
0
0

219,977
94,467
25,199
141
148
0
0

281,908
223,804
92,310
40,911
16,848
961
0

The results from the Scenario B simulations produced high overflow volumes for smaller tank
sizes and larger time-steps. It was observed that the 0.95WLmax control value was incompatible to
use for all tank volumes and treatment flow rates since it did not accurately factor in the “timestep” delay illustrated in Figure 16. Without considering the “time-step” delay, tank drawdowns
resulted in preventable mains top-up events by drawing the water level down to below the
0.5WLmax initiation point.

Based on the simulation results in Figure 1 and the time-step concept illustrated in Figure 16, it
was determined that overflow events are governed by the treatment flow rate, storage tank
volume, but most notably by the treatment pump water level control rule.

3.5 Discounted Payback Period Analysis
A discounted payback method was used to determine the length of time (in years) required for
annual water savings to equal the initial capital investment of the stormwater reuse system. The
discounted payback period (DPBP) corresponds to the time, t, when the savings achieved by
replacing potable drinking water with reclaimed stormwater on site are equal to the fixed capital
costs to implement the reuse system, such that
Discounted Payback Period t: Capital (Fixed) Costs = Water Savings (7)
Capital costs on treatment and stormwater storage were calculated with data provided by an
industry partner (Couldrey 2012) and a local supplier of stormwater reuse treatment systems
(Greyter Systems Inc. 2013). Water savings were evaluated through the detailed hydrological
rainfall-runoff-routing investigation of the six sites and municipal data on potable drinking water
rates. The analysis was performed from the perspective of the private landowners. Maintenance
and operational costs are omitted from the costing analysis as these costs are dependent on an
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optimized stormwater reuse system design. For the purpose of the research, only initial capital
costs are investigated for determining the discounted payback analysis.

3.5.1 Stormwater Reuse System Capital (Fixed) Costs
The single-tenant and multi-tenant land-use distributions outlined in Table 1 were used
throughout the analysis. The capital costs of the reuse system are summarized in Table 9. The
costs shown represent required pipe lengths and reclaimed storage volumes of 6 m3 and 15 m3 for
the single-tenant site and multi-tenant site, respectively. As the stormwater reuse system is a
retrofit to an existing site or an ‘add-on’ to a new commercial development, the associated costs
for cut/fill, headwalls, or orifice plates shown in Figure 5 were not included as these are inherent
to the structure of the SWM pond and would have been required for stormwater management of
the site. Construction and material costs were based on recent tender values for all cities. Where
data was unavailable, available cost data from the nearest major city (e.g., Vancouver, Edmonton,
and Toronto) were used. For all locations, the intake pipe that conveys water from the storm pond
to the treatment facility was assumed to be a 250 mm PVC pipe. The pressurized pipe that
conveys potable ‘top-up’ flows to the reclaimed stormwater tank was assumed to be a100 mm
PVC.

To determine payback period, a reclaimed stormwater storage volume of 6 m3 for the singlecommercial site and a storage volume of 15 m3 for the multi-tenant site were considered. The
storage volume selection was based on minimizing component cost and maximizing replacement
rates as larger tank sizes produced diminishing returns in terms of water savings. The 6 m3 and 15
m3 selection lies within the optimal range of storage tank volumes that will provide close to the

45

maximum possible water savings. Storage tank sizes above these values are less economical as
they produced minimal or no improvements in water savings.
Table 9: Stormwater reuse system initial capital costs
Single-Tenant (6 m3 reuse system)
Component
Treatment Facility + Storage (6m3 included) + Pump
Intake Pipe - 250 mm PVC STM Pipe*
Distribution Pipe - 100 mm PVC WM Pipe*
Average System Cost

$45,000
$1,500 to $1,700
$23,000 to $25,500
$70,850

Multi-Tenant (15 m3 reuse system)
Component
Treatment Facility + Storage (6m3 included) + Pump

$95,000

3

Additional 9 m of Storage (including installation)
$5,400
Intake Pipe - 250 mm PVC STM Pipe*
$1,500 to $1,700
Distribution Pipe - 250 mm PVC WM Pipe
$65,500
Average System Cost
$167,000
*Material and component cost varies depending on test city

3.5.2 Water Cost Savings with Stormwater Reuse System
The potable water replacement rates in Figure 10 a-b were coupled with municipal water pricing
to obtain yearly potable water cost savings for each site location. The water cost savings were
determined with municipal water prices for 2012 and include both drinking water and sewer rates.
An annual increase of 9% in water prices was assumed to reflect the historical trend across
Canada (MWPR 2011). An 8% real discount rate was also used in the analysis (Government of
Canada 2007). Table 10 lists the 2012 water prices for each of the six cities. As most
municipalities employ a type of volumetric rate where several preset consumption blocks are
associated with a different unit price for water, the values shown were calculated by dividing the
annual cost of water by the annual consumption to yield an average per cubic meter cost.
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Table 10: Potable water pricing (2012) for six Canadian locations
2012 Average Cost of Potable Water (per m3 )
Single-Tenant
Multi-Tenant
Vancouver
$0.90
$2.00
Edmonton
$1.50
$1.34
Saskatoon
$4.94
$4.94
Regina
$2.56
$2.56
Toronto
$2.40
$2.00
Quebec
$0.39
$0.39
*Values shown are average cost per cubic metre based on total
annual demand
Location

The costs savings are greater in arid regions where potable water replacement rates are lowest due
to the higher cost of potable water. Table 11 presents the annual water cost savings achievable
with the stormwater reuse system for each city in 2012.
Table 11: Annual water cost savings achieved with stormwater reuse system in six
Canadian locations
Location
Vancouver
Edmonton
Saskatoon
Regina
Toronto
Quebec

Total Potable Water Cost ($)
Single-Tenant
Multi-Tenant
$6,173
$15,538
$10,220
$23,026
$33,730
$84,846
$17,468
$43,968
$16,373
$34,414
$2,635
$6,633

3.5.3 Discounted Payback Period Results
The discounted payback period (DPBP) of the new stormwater reuse system was estimated for
the six Canadian locations. The DPBP was estimated on the basis of the potable water
replacement rates indicated in Figure 10 a-b, the initial capital cost indicated in Table 9, and the
annual water cost savings in Table 11.
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The net present value of the reuse system is plotted against time in Figure 17 a-b for the singlecommercial and multi-tenant sites at the six Canadian locations. Here, the net present value at
time t is defined as the difference between initial capital costs and discounted water savings at
time t. The y-axis in Figure 17 a-b indicates the net present value of the reuse system at time t.
The x-axis in Figure 17 a-b indicates the operation time t of the reuse system after initial
commissioning. The point at which the net present value line intercepts the x-axis (where the net
present value is equal to zero) denotes the discounted payback period when water savings are
equal to the initial capital cost of the reuse system. Operation of the system past the DPBP results
in positive cash flows. The discounted payback periods in t years estimated for the singlecommercial and multi-tenant sites at the six Canadian locations are indicated in Table 12.

(a)
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(b)
Figure 17: Net present value versus time for the stormwater reuse system for the: (a) singletenant site, and (b) multi-tenant site at the six Canadian locations
Municipal water prices and potable water replacement values drive the payback period of the
‘add-on’ stormwater reuse system. Figure 17 a-b indicates that Saskatoon, Toronto and Regina
produce the shortest discounted payback periods. While Saskatoon and Regina experience low
annual rainfall and correspondingly low potable replacement rates, the high price of water in
those jurisdictions account for the short payback periods ranging from 2.61 to 5.49 years in
Figure 17 a-b and Table 12. Toronto has relatively short payback periods of 4.76 and 4.24 years
on account of its high potable water replacement rate and high water prices. While Vancouver
was by far the wettest location (highest annual rainfall) and experienced correspondingly high
potable replacement rates, the low water pricing greatly increased the payback period of the reuse
system in this location. This is also true of Quebec City where low water prices largely accounted
for protracted payback periods ranging from 23.69 to 26.28 years for the multi-tenant and singletenant commercial sites, respectively. The long DPBP for Quebec can also be attributed to the
fact that the amount paid for water and/or wastewater services is not solely based on the volume
of water used but differs depending on customer attributes like property value, frontage and
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number of plumbing fixtures (MWPR 2011). A summary of the hydrologic and economic
analysis is presented in Table 13.
Table 12: Discounted payback period (years)
Location
Vancouver
Edmonton
Saskatoon
Regina
Toronto
Quebec

Discounted Payback Period (t)
Single-Tenant
Multi-Tenant
11.20
10.24
10.58
8.67
3.30
2.61
5.49
4.46
4.24
4.76
26.28
23.69

Table 13: Summary of hydrologic and economic analyses
Location
Vancouver
Edmonton
Saskatoon
Regina
Toronto
Quebec

Replacement Rates
(% )
Very High
Moderate
Low
Moderate
Very High
High

Water Rates
($)
Low
Moderate
Very High
High
High
Very Low

DPBP
(Rank)
Long (5)
Long (4)
Short(1)
Short (3)
Short (2)
Very Long (6)

3.5.3.1 Sensitivity Analysis
A brief sensitivity analysis was performed to examine the impact of uncertain increases in water
pricing and discount rates on the discount payback period for the single-tenant site in Toronto. A
9% annual increase in water pricing was assumed in this study. The 9% annual water rate
increase is a conservative estimation that accounts for the significant investment in water and
wastewater infrastructure needed to maintain the high standard and improvement of water and
sanitary service (MWPR 2011). Annual water price increases of 4% and 12% were also
considered and are reported in Table 14. A discount rate of 8% was assumed in the analyses;
discount rates of 6% and 10% were also considered and are reported in Table 14. The results in
Table 14 suggest that the annual water price increases and discount rate will not greatly affect the
discounted payback period for the single-tenant commercial site in the Toronto location. Table 14
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summarizes a sensitivity analysis for varying water rate increases and discount rates for the city
of Toronto single-tenant site.
Table 14: Sensitivity analysis for Toronto (single-tenant commercial)

DPBP

6%
4.05

Discount Rate
8%
4.24

10%
4.46

Water Rate Increase
4%
9%
12%
4.61
4.24
4.07

The discounted payback method screens the stormwater reuse system on the basis of how long it
takes for annual water savings to equal the initial capital investment. The principal objection to
the discounted payback method is that it fails to measure profitability and only indicates the
length of time to recover the initial capital. It is noted that payback period screening is not an end
in itself, but rather a method of screening out unacceptable investment alternatives before
progressing to more detailed economic analyses. While the DPBP may not show the complete
profitability picture of the stormwater reuse system, the alternative for water is continued
payment for potable water supply which provides no profits for the landowner. Thus, a DPBP
analysis is an appropriate method for evaluating the feasibility of the stormwater reuse system
investment.

Analytical viewpoints from the municipal and societal perspectives should also be considered
when evaluating the feasibility of implementing stormwater reuse systems. The research featured
in this thesis did not consider these additional perspectives. Considerations for the municipal
perspective should evaluate whether the benefits of reduced runoff volume entering municipal
infrastructure exceeds the cost of lost revenue by the decrease in potable water supply.
Furthermore, as the research examines implementation on commercial developments, the public’s
acceptance of using non-potable water should be considered.
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3.6 Future Work
Future work consists of optimizing the design and operation of the stormwater reuse system,
more specifically the development of a new model to incorporate temperature data to address
snowmelt and evaporation. The temperature data will permit the model to mimic actual SWM
pond behavior in the cold winter months. A smaller time-step for simulations should be utilized in
order to achieve a more accurate reading and representation of the actual stormwater inflows and
outflows. As shown in Section 3.4, a decrease in the time-step allows for a more realistic
representation of the reuse systems potential. Analyses results indicate the potential for consistent
replacement rates around 98% for each test site location. These results are not included in this
thesis.

Additional work could include the development of a model with controls optimizing storage tank
design, including costing components such as maintenance and operation. This model would then
be calibrated and configured to a pilot-scale project, where demands and water levels can be
monitored to optimize future design.

3.7 Summary and Conclusions
The hydrologic feasibility analysis was performed using historical rainfall data and SWMM
continuous simulations to determine achievable potable water replacement rates for single-tenant
and multi-tenant commercial land-use developments. Criteria used to evaluate the performance of
the stormwater reuse system were: (i) the volume and percent potable water replaced with
reclaimed stormwater, (ii) the volume and frequency of potable water ‘top-up’ to the reclaimed
stormwater storage facility, and (iii) the volume and frequency of overflows in the reclaimed
stormwater storage facility. The discounted payback period (DPBP), t, of the new stormwater
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reuse system was determined by assessing the fixed capital costs associated with implementation
in each Canadian test site location. These capital costs were compared to the savings achieved by
replacing potable drinking water with reclaimed stormwater on site.

Various tank sizes were analyzed to determine the maximum replacement rate achievable with
the lowest capital cost. Tank sizes above 6 m3 for single-tenant sites and 15 m3 for multi-tenant
sites produce negligible additional potable water replacement. The results indicate that regions
that experience high average annual rainfall depths such as Vancouver and Toronto produce high
potable water replacement rates ranging from 64% to 99% while cities that experience seasonal
arid conditions and lower average annual rainfall depths such as Edmonton, Regina, and
Saskatoon achieve lower potable water replacement rates in the range of 30% and 83%.

The multi-tenant site was shown to produce higher potable water replacement rates than the
single-tenant site at all test locations. The higher replacement rates were attributed to the multitenant sites larger catchment area and SWM pond storage volume, producing more stormwater
for reuse.

Municipal water prices and potable water replacement values were found to drive the payback
period of the ‘add-on’ stormwater reuse system. Saskatoon, Toronto and Regina produced the
shortest discounted payback periods. While Saskatoon and Regina experience low annual rainfall
and correspondingly low potable replacement rates, the high price of water in those jurisdictions
account for the short payback periods ranging from 2.61 to 5.49 years. Toronto has relatively
short payback periods of 4.24 and 4.76 years on account of its high potable water replacement
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rate and high water prices. While Vancouver was by far the wettest location (highest annual
rainfall) and experienced correspondingly high potable replacement rates, the low water pricing
greatly increased the payback period of the reuse system in this location. This is also true of
Quebec City where low water prices largely accounted for protracted payback periods ranging
from 23.69 to 26.28 years for the multi-tenant and single-commercial sites, respectively. The long
DPBP for Quebec can also be attributed to the fact that the amount paid for water and/or
wastewater services is not solely based on the volume of water used but differs depending on
customer attributes like property value, frontage and number of plumbing fixtures (MWPR 2011).
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Chapter 4
Summary and Conclusions
Stormwater reuse is a relatively new and unregulated practice within Canada. The rising cost of
potable water, in addition to limits placed on stormwater discharges; provide opportunities for the
adoption of stormwater reuse. Environmental benefits associated with stormwater reuse include
reduced runoff volumes and pollutant loading, improved catchment hydrology through the
promotion of infiltration and water balance, and reduced energy use for pumping and distribution
of potable water (TRCA 2010). Economic benefits include meeting non-potable demand for toilet
flushing and irrigation at a lower cost than is currently possible through centralized treatment and
distribution (TRCA 2010).

In this thesis, hydrologic modeling and economic analysis were applied to evaluate the feasibility
of a novel site-level stormwater reuse concept on commercial sites in Canada. The results of the
hydrologic modeling and economic analysis can guide the development and implementation of
the new stormwater reuse system concept. The thesis contributed to the field of stormwater reuse
through the:

1. Development of a new methodology to perform a hydrologic and economic feasibility of
a site-level stormwater re-use system for commercial sites analysis for any Canadian test
city location with environment Canada with historical rainfall records;.
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2. Development of an adaptable SWMM model that allows for parameter input to
accommodate variations in SWM pond footprint and catchment parameters (such as area
and soil characteristics), end-use demands, and treatment flow rates.;
3. Creation of new knowledge on the potential replacement rate of potable water with
stormwater for typical commercial sites in six Canadian locations;
4. Creation of new knowledge on the potential pay-back period of site-level stormwater
reuse systems in six Canadian locations;

The hydrologic feasibility analysis was performed using historical rainfall data and SWMM
continuous simulations to determine achievable potable water replacement rates for single-tenant
and multi-tenant commercial land-use developments. Criteria used to evaluate the performance of
the stormwater reuse system were(i) the volume and percent potable water replaced with
reclaimed stormwater, (ii) the volume and frequency of potable water ‘top-ups’ to the reclaimed
stormwater storage facility, and (iii) the volume and frequency of overflows in the reclaimed
stormwater storage facility. The discounted payback period (DPBP), t, of the new stormwater
reuse system was determined by assessing the fixed capital costs associated with implementation
in each Canadian test site location. These capital costs were compared to the savings achieved by
replacing potable drinking water with reclaimed stormwater on site.

Various tank sizes were analyzed to determine the maximum replacement rate achievable with
the lowest capital cost. Tank sizes above 6 m3 for single-tenant sites and 15 m3 for multi-tenant
sites produce negligible benefits in terms of potable water replacement. The results indicate that
regions that experience high average annual rainfall depths such as Vancouver and Toronto
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produce high potable water replacement rates ranging from 64% to 99% while cities that
experience seasonal arid conditions and lower average annual rainfall depths such as Edmonton,
Regina, and Saskatoon achieve lower potable water replacement rates in the range of 30% and
83%.

The multi-tenant site was shown to produce higher potable water replacement rates than the
single-tenant site in all test locations. The higher replacement rates are attributed to the multitenant sites larger catchment area and SWM pond storage volume, producing more stormwater
for reuse.

Municipal water prices and potable water replacement values were found to drive the payback
period of the ‘add-on’ stormwater reuse system. Saskatoon, Toronto and Regina produced the
shortest discounted payback periods. While Saskatoon and Regina experience low annual rainfall
and correspondingly low potable replacement rates, the high price of water in those jurisdictions
account for the short payback periods ranging from 2.61 to 5.49 years. Toronto has relatively
short payback periods of 4.24 and 4.76 years on account of its high potable water replacement
rate and high water prices. While Vancouver was by far the wettest location (highest annual
rainfall) and experienced correspondingly high potable replacement rates, the low water pricing
greatly increased the payback period of the reuse system in this location. This is also true of
Quebec City where low water prices largely accounted for protracted payback periods ranging
from 23.69 to 26.28 years for the multi-tenant and single-commercial sites, respectively. The long
DPBP for Quebec can also be attributed to the fact that the amount paid for water and/or

58

wastewater services is not solely based on the volume of water used but differs depending on
customer attributes like property value, frontage and number of plumbing fixtures (MWPR 2011).
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Simulation Report Status (Toronto-ST)
EPA STORM WATER MANAGEMENT MODEL - VERSION 5.0 (Build 5.0.022)
-------------------------------------------------------------*********************************************************
NOTE: The summary statistics displayed in this report are
based on results found at every computational time step,
not just on results from each reporting time step.
*********************************************************
****************
Analysis Options
****************
Flow Units ...............
Process Models:
Rainfall/Runoff ........
Snowmelt ...............
Groundwater ............
Flow Routing ...........
Ponding Allowed ........
Water Quality ..........
Infiltration Method ......
Flow Routing Method ......
Starting Date ............
Ending Date ..............
Antecedent Dry Days ......
Report Time Step .........
Wet Time Step ............
Dry Time Step ............
Routing Time Step ........

LPS
YES
NO
NO
YES
NO
NO
GREEN_AMPT
KINWAVE
JAN-01-1901 00:00:00
JAN-01-1921 00:00:00
0.0
00:01:00
00:01:00
00:01:00
60.00 sec

*********************
Rainfall File Summary
*********************
Station
First
Last
Recording
Periods
Periods
Periods
ID
Date
Date
Frequency w/Precip
Missing
Malfunc.
------------------------------------------------------------------------------6158733
FEB-07-1901 OCT-27-1920
60 min
8053
0
0
**************************
Runoff Quantity Continuity
**************************
Total Precipitation ......
Evaporation Loss .........
Infiltration Loss ........
Surface Runoff ...........
Final Surface Storage ....
Continuity Error (%) .....

Volume
hectare-m
--------76.261
0.000
10.533
65.730
0.007
-0.012

Depth
mm
------11554.700
0.000
1595.893
9959.111
1.040

**************************
Flow Routing Continuity
**************************
Dry Weather Inflow .......
Wet Weather Inflow .......
Groundwater Inflow .......
RDII Inflow ..............
External Inflow ..........
External Outflow .........
Internal Outflow .........
Storage Losses ...........
Initial Stored Volume ....
Final Stored Volume ......
Continuity Error (%) .....

Volume
hectare-m
--------0.000
65.730
0.000
0.000
0.000
66.105
0.036
0.000
475.050
474.622
0.003

Volume
10^6 ltr
--------0.000
657.308
0.000
0.000
0.000
661.061
0.360
0.000
4750.550
4746.266

********************************
Highest Flow Instability Indexes
********************************
All links are stable.
*************************
Routing Time Step Summary
*************************
Minimum Time Step

:

60.00 sec
Page 1

Average
Maximum
Percent
Average

Time Step
Time Step
in Steady State
Iterations per Step

:
:
:
:

Simulation Report Status (Toronto-ST)
60.00 sec
60.00 sec
0.00
1.00

***************************
Subcatchment Runoff Summary
***************************
-------------------------------------------------------------------------------------------------------Total
Total
Total
Total
Total
Total
Peak
Runoff
Precip
Runon
Evap
Infil
Runoff
Runoff
Runoff
Coeff
Subcatchment
mm
mm
mm
mm
mm
10^6 ltr
LPS
-------------------------------------------------------------------------------------------------------Roof
11554.70
0.00
0.00
233.26
11321.68
166.43
146.13
0.980
Pavement
11554.70
0.00
0.00
467.85
11087.29
360.34
322.97
0.960
Landscaped
11554.70
0.00
0.00
4611.43
6943.40
130.54
185.88
0.601
******************
Node Depth Summary
******************
--------------------------------------------------------------------Average Maximum Maximum Time of Max
Depth
Depth
HGL
Occurrence
Node
Type
Meters
Meters
Meters days hr:min
--------------------------------------------------------------------PondWeirOutfall
OUTFALL
0.00
0.00
0.00
0 00:00
PondOrificeOutfall
OUTFALL
0.00
0.00
0.00
0 00:00
TankOrificeOutfall
OUTFALL
0.00
0.00
0.00
0 00:00
DemandOutfall
OUTFALL
0.00
0.00
0.00
0 00:00
SWMpond
STORAGE
1.34
2.30
3.45 2693 01:39
ReclaimedTank
STORAGE
1.91
2.05
2.05
456 05:44
DistributionNetwork STORAGE
94.97
95.00
130.00
0 00:01
*******************
Node Inflow Summary
*******************
------------------------------------------------------------------------------------Maximum Maximum
Lateral
Total
Lateral
Total Time of Max
Inflow
Inflow
Inflow
Inflow
Occurrence
Volume
Volume
Node
Type
LPS
LPS days hr:min
10^6 ltr
10^6 ltr
------------------------------------------------------------------------------------PondWeirOutfall
OUTFALL
0.00
0.00
0 00:00
0.000
0.000
PondOrificeOutfall
OUTFALL
0.00
32.06 2693 01:39
0.000
506.769
TankOrificeOutfall
OUTFALL
0.00
1.96
456 05:44
0.000
18.339
DemandOutfall
OUTFALL
0.00
6.52
90 05:02
0.000
135.950
SWMpond
STORAGE
654.98
654.98 5368 16:00
657.305
658.334
ReclaimedTank
STORAGE
0.00
12.87 6307 05:36
0.000
154.441
DistributionNetwork STORAGE
0.00
0.00
0 00:00
0.000
4749.497
**********************
Node Surcharge Summary
**********************
Surcharging occurs when water rises above the top of the highest conduit.
--------------------------------------------------------------------Max. Height
Min. Depth
Hours
Above Crown
Below Rim
Node
Type
Surcharged
Meters
Meters
--------------------------------------------------------------------DistributionNetwork STORAGE
175320.02
95.000
5.000
*********************
Node Flooding Summary
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*********************
Flooding refers to all water that overflows a node, whether it ponds or not.
-------------------------------------------------------------------------Total
Maximum
Maximum
Time of Max
Flood
Ponded
Hours
Rate
Occurrence
Volume
Volume
Node
Flooded
LPS
days hr:min
10^6 ltr
1000 m3
-------------------------------------------------------------------------SWMpond
2.20
223.28
7071 23:00
0.311
0.000
ReclaimedTank
11.98
1.17
91 05:44
0.050
0.000
**********************
Storage Volume Summary
**********************
-------------------------------------------------------------------------------------------Average
Avg
E&I
Maximum
Max
Time of Max
Maximum
Volume
Pcnt Pcnt
Volume
Pcnt
Occurrence
Outflow
Storage Unit
1000 m3
Full Loss
1000 m3
Full
days hr:min
LPS
-------------------------------------------------------------------------------------------SWMpond
1.673
38
0
4.399
100
2693 01:03
38.05
ReclaimedTank
0.005
93
0
0.005
100
91 05:44
6.52
DistributionNetwork
4748.410
95
0
4750.000
95
0 00:01
6.52
***********************
Outfall Loading Summary
***********************
----------------------------------------------------------Flow
Avg.
Max.
Total
Freq.
Flow
Flow
Volume
Outfall Node
Pcnt.
LPS
LPS
10^6 ltr
----------------------------------------------------------PondWeirOutfall
0.00
0.00
0.00
0.000
PondOrificeOutfall
25.87
3.10
32.06
506.769
TankOrificeOutfall
6.19
0.47
1.96
18.339
DemandOutfall
64.12
0.34
6.52
135.950
----------------------------------------------------------System
24.04
3.91
37.20
661.058
********************
Link Flow Summary
********************
----------------------------------------------------------------------------Maximum Time of Max
Maximum
Max/
Max/
|Flow|
Occurrence
|Veloc|
Full
Full
Link
Type
LPS days hr:min
m/sec
Flow
Depth
----------------------------------------------------------------------------TreatmentFacility
PUMP
6.52
37 12:02
6.52
MainsTopUp
PUMP
6.52
455 05:07
6.52
BaselineDemand1
PUMP
0.18
0 07:01
0.18
SeasonalDemand2
PUMP
6.52
90 05:02
6.52
PondOrifice
ORIFICE
32.06 2693 01:39
0.00
TankOrifice
ORIFICE
1.96
456 05:44
0.00
PondWeir
WEIR
0.00
0 00:00
0.00
*************************
Conduit Surcharge Summary
*************************
No conduits were surcharged.
***************
Pumping Summary
***************
--------------------------------------------------------------------------------------------------------Min
Avg
Max
Total
Power
% Time
Off
Percent
Number of
Flow
Flow
Flow
Volume
Usage
Pump
Curve
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Pump
High

Utilized
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Start-Ups
LPS
LPS
LPS

10^6 ltr

Kw-hr

Low

--------------------------------------------------------------------------------------------------------TreatmentFacility
3.65
219544
0.00
6.52
6.52
150.154
269.92
0.0
0.0
MainsTopUp
3.11
436
0.00
0.22
6.52
4.283
1504.82
0.0
0.0
BaselineDemand1
62.50
7305
0.00
0.18
0.18
69.427
360.90
0.0
0.0
SeasonalDemand2
1.62
4280
0.00
6.52
6.52
66.523
306.68
0.0
0.0
Analysis begun on:
Analysis ended on:

Sun Jul 14 14:25:35 2013
Sun Jul 14 14:33:40 2013
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[TITLE]
[OPTIONS]
FLOW_UNITS
INFILTRATION
FLOW_ROUTING
START_DATE
START_TIME
REPORT_START_DATE
REPORT_START_TIME
END_DATE
END_TIME
SWEEP_START
SWEEP_END
DRY_DAYS
REPORT_STEP
WET_STEP
DRY_STEP
ROUTING_STEP
ALLOW_PONDING
INERTIAL_DAMPING
VARIABLE_STEP
LENGTHENING_STEP
MIN_SURFAREA
NORMAL_FLOW_LIMITED
SKIP_STEADY_STATE
FORCE_MAIN_EQUATION
LINK_OFFSETS
MIN_SLOPE

LPS
GREEN_AMPT
KINWAVE
01/01/1901
00:00:00
01/01/1901
00:00:00
01/01/1921
00:00:00
01/01
12/31
0
00:01:00
00:01:00
00:01:00
0:01:00
NO
PARTIAL
0.75
0
0
BOTH
NO
H-W
DEPTH
0

[FILES]
SAVE OUTFLOWS "SWMM Simulations\Single Commercial\test.txt"
[EVAPORATION]
;;Type
Parameters
;;---------- ---------CONSTANT
0.0
DRY_ONLY
NO
[RAINGAGES]
;;
;;Name
;;-------------RainGage

Rain
Type
--------VOLUME

Time
Intrvl
-----1:00

Snow
Catch
-----1.0

Data
Source
---------FILE
"Toronto 20 Year Rainfall File.txt" 6158733

MM

[SUBCATCHMENTS]
;;
;;Name
Raingage
Outlet
;;-------------- ---------------- ---------------Roof
RainGage
SWMpond

Total
Area
-------1.47

Pcnt.
Imperv
Width
-------- -------95
680

Pcnt.
Slope
-------0.5

Curb
Snow
Length
Pack
-------- -------0

Pavement

RainGage

SWMpond

3.25

90

680

2.5

0

Landscaped

RainGage

SWMpond

1.88

25

680

2

0

[SUBAREAS]
;;Subcatchment
;;-------------Roof
Pavement
Landscaped

N-Imperv
---------0.011
0.011
0.15

N-Perv
---------0.011
0.011
0.15

S-Imperv
---------1.91
1.91
1.91

[INFILTRATION]
;;Subcatchment
;;-------------Roof
Pavement
Landscaped

Suction
---------320
320
320

HydCon
---------.254
.254
.254

IMDmax
---------.097
0.097
.097

[OUTFALLS]
;;
Invert
;;Name
Elev.
;;-------------- ---------PondWeirOutfall 0
PondOrificeOutfall 0
TankOrificeOutfall 0
DemandOutfall
0

S-Perv
---------1.91
1.91
3.81

Outfall
Stage/Table
Type
Time Series
---------- ---------------NORMAL
NORMAL
NORMAL
NORMAL
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Tide
Gate
---YES
YES
YES
YES

PctZero
---------25
25
25

RouteTo
PctRouted
---------- ---------OUTLET
OUTLET
OUTLET
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[STORAGE]
;;
Invert
;;Name
Elev.
Infiltration Parameters
;;-------------- -----------------------------SWMpond
1.15
ReclaimedTank
0
DistributionNetwork 35

Max.
Depth

Init.
Depth

Storage
Curve

Curve
Params

Ponded
Area

Evap.
Frac.

-------- -------- ---------- -------- -------- -------- -------- -------2.3
2.05
100

1
1
95

TABULAR
SWMPond
TABULAR
ReclaimedTank
TABULAR
DistributionNetwork

[PUMPS]
;;
Inlet
Outlet
;;Name
Node
Node
;;-------------- ---------------- ---------------TreatmentFacility SWMpond
ReclaimedTank
MainsTopUp
DistributionNetwork ReclaimedTank
BaselineDemand1 ReclaimedTank
DemandOutfall
SeasonalDemand2 ReclaimedTank
DemandOutfall

Pump
Init.
Curve
Status
---------------- -----TreatmentFacility ON
Demand
OFF
Demand
OFF
Demand
OFF

0
0

Startup
Depth
-------1
1
0
0

1
0
0

0

Shutoff
Depth
-------0
0
0
0

[ORIFICES]
;;
;;Name
;;-------------PondOrifice
TankOrifice

Inlet
Node
---------------SWMpond
ReclaimedTank

Outlet
Orifice
Crest
Disch.
Flap Open/Close
Node
Type
Height
Coeff.
Gate Time
---------------- ------------ ---------- ---------- ---- ---------PondOrificeOutfall SIDE
1.4
0.6
YES 0
TankOrificeOutfall SIDE
2
0.6
YES 0

[WEIRS]
;;

Inlet

Outlet

Weir

Crest

Disch.

Flap End

End

;;Name
Node
Node
Type
Height
Coeff.
Gate Con.
Coeff.
;;-------------- ---------------- ---------------- ------------ ---------- ---------- ---- ----------------PondWeir
SWMpond
PondWeirOutfall TRAPEZOIDAL 2.3
0.6
YES 0
0
[XSECTIONS]
;;Link
;;-------------PondOrifice
TankOrifice
PondWeir

Shape
-----------CIRCULAR
CIRCULAR
TRAPEZOIDAL

Geom1
---------------0.13
0.13
0.3

Geom2
---------0
0
14.7

[CONTROLS]
RULE TREATMENTFACILITY
IF NODE SWMpond DEPTH < 1.0
OR NODE ReclaimedTank DEPTH >= 1.90
THEN PUMP TreatmentFacility STATUS = OFF
ELSE PUMP TreatmentFacility SETTING = 6.517
RULE MAINSINFLOW
IF NODE ReclaimedTank DEPTH < 1.00
THEN PUMP MainsTopUp SETTING = CURVE CURVEMAINS
ELSE PUMP MainsTopUp STATUS = OFF
RULE BASELINEPUMP
IF SIMULATION CLOCKTIME >= 7
AND SIMULATION CLOCKTIME < 22
THEN PUMP BaselineDemand1 SETTING = 0.176
ELSE PUMP BaselineDemand1 STATUS = OFF
RULE SEASONALVARIATIONPUMP
IF SIMULATION MONTH = 4
OR SIMULATION MONTH = 5
OR SIMULATION MONTH = 6
OR SIMULATION MONTH = 7
OR SIMULATION MONTH = 8
OR SIMULATION MONTH = 9
OR SIMULATION MONTH = 10
AND SIMULATION CLOCKTIME >= 5:00:00
AND SIMULATION CLOCKTIME < 5:40:00
THEN PUMP SeasonalDemand2 SETTING = 6.517
ELSE PUMP SeasonalDemand2 STATUS = OFF
[CURVES]
;;Name

Type

X-Value

Y-Value
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Geom3
---------0
0
3

Geom4
Barrels
---------- ---------0
0
3
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;;-------------- ---------- ---------- ---------CURVEMAINS
Control
0
6.517
CURVEMAINS
0.05
6.517
CURVEMAINS
0.1
6.517
CURVEMAINS
0.15
6.517
CURVEMAINS
0.2
6.517
CURVEMAINS
0.25
6.517
CURVEMAINS
0.3
6.517
CURVEMAINS
0.35
6.517
CURVEMAINS
0.4
6.517
CURVEMAINS
0.45
6.517
CURVEMAINS
0.5
6.517
CURVEMAINS
0.55
6.517
CURVEMAINS
0.6
6.517
CURVEMAINS
0.65
6.517
CURVEMAINS
0.7
5.586
CURVEMAINS
0.75
4.655
CURVEMAINS
0.8
3.724
CURVEMAINS
0.85
2.793
CURVEMAINS
0.9
1.862
CURVEMAINS
0.95
0.931
CURVEMAINS
1
0
CURVEMAINS
1.05
0
CURVEMAINS
1.1
0
CURVEMAINS
1.15
0
CURVEMAINS
1.2
0
CURVEMAINS
1.25
0
CURVEMAINS
1.3
0
CURVEMAINS
1.35
0
CURVEMAINS
1.4
0
CURVEMAINS
1.45
0
CURVEMAINS
1.5
0
CURVEMAINS
1.55
0
CURVEMAINS
1.6
0
CURVEMAINS
1.65
0
CURVEMAINS
1.7
0
CURVEMAINS
1.75
0
CURVEMAINS
1.8
0
CURVEMAINS
1.85
0
CURVEMAINS
1.9
0
CURVEMAINS
1.95
0
CURVEMAINS
2
0
CURVEMAINS
2.05
0
CURVEMAINS
2.1
0
TreatmentFacility Pump2
TreatmentFacility

0
100

1
1

MainsTopUp
MainsTopUp

Pump2

0
100

1
1

Demand
Demand

Pump2

0
100

1
1

DistributionNetwork Storage
DistributionNetwork

0
4

50000
50000

ReclaimedTank
ReclaimedTank

Storage

0
2

2.5
2.5

SWMPond
SWMPond
SWMPond
SWMPond
SWMPond
SWMPond

Storage

0
0.4
0.8
1.4
2.0
2.3

245
1039
1341
2180
3099
3745

[PATTERNS]
;;Name
Type
;;-------------- ---------gxc
HOURLY
gxc
gxc
gxc

Multipliers
----------1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0

[REPORT]
INPUT
NO
CONTROLS
NO
SUBCATCHMENTS ALL
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NODES ALL
LINKS ALL
[TAGS]
[MAP]
DIMENSIONS 0.000 0.000 10000.000 10000.000
Units
None
[COORDINATES]
;;Node
X-Coord
;;-------------- -----------------PondWeirOutfall -1610.243
PondOrificeOutfall -1624.349
TankOrificeOutfall -1212.023
DemandOutfall
-1207.682
SWMpond
-2439.236
ReclaimedTank
-1635.200
DistributionNetwork -1207.682

Y-Coord
-----------------5034.722
4659.288
4309.896
4125.434
4652.778
4305.556
4503.038

[VERTICES]
;;Link
X-Coord
Y-Coord
;;-------------- ------------------ -----------------SeasonalDemand2 -1478.912
4102.748
[Polygons]
;;Subcatchment
;;-------------Roof
Roof
Roof
Roof
Pavement
Pavement
Pavement
Pavement
Landscaped
Landscaped
Landscaped
Landscaped

X-Coord
------------------2747.217
-2747.217
-2898.671
-2898.671
-2570.521
-2570.521
-2713.897
-2713.897
-2395.844
-2395.844
-2541.240
-2541.240

Y-Coord
-----------------5077.024
4919.512
4919.512
5077.024
5075.005
4917.493
4917.493
5075.005
5069.956
4914.464
4914.464
5069.956

[SYMBOLS]
;;Gage
X-Coord
Y-Coord
;;-------------- ------------------ -----------------RainGage
-2638.170
5190.110
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