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ABSTRACT

A CASE STUDY BASED CRADLE-TO-GRAVE ASSESSMENT OF LOW-IMPACTDEVELOPMENT (LID) STORMWATER MANAGEMENT APPROACH

Akul Bhatt
University of Guelph, 2017

Advisor:
Dr. Andrea Bradford

The thesis focuses on the life cycle impacts of a low-impact-development (LID) parking lot
retrofit, designed to manage stormwater, at the IMAX headquarters in Mississauga, ON. The
retrofit consisted of three bioretention cells and three permeable pavement systems (PPS) placed
in parallel, which were instrumented for performance monitoring. Over a 3-year period, 53% –
99% volume reduction was achieved, which also lead to a substantial reduction in effluent
pollutant loads. A cradle-to-grave life cycle assessment (LCA) of the systems and site was
performed, and the life cycle impacts were compared to those of a traditional detention pond of an
equivalent treatment capacity. The life cycle impacts of LIDs, compared to the pond, were ~20%
lower, and the LIDs’ benefits from stormwater treatment were ~300% higher. Further work is
needed to quantify the benefits of LIDS on aquatic and plant life associated with mitigating
changes to flow, thermal and sediment regimes.
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INTRODUCTION
A. Current State of Stormwater Management (SWM) Practices
Approximately half of the world population currently lives in urban areas, and more than 65% of the world
population is expected to be residing in cities by 2050 (United Nations, 2014). The increase of impervious surfaces
due to rapid urbanization reduces the water storage and evapotranspirative capacity of the land. The hydrology in
urban areas gets altered, leading to higher direct runoff, lower infiltration and evapotranspiration, a higher frequency
of events producing runoff and higher peak flow rates during storm events. The reduced infiltration volumes also
reduces the baseflow magnitudes. As a result, the surrounding stream regimes gets altered, namely resulting in higher
peak flows and a more rapid stream response to events due to a lower time of concentration (Burns et al., 2012;
Jackisch and Weiler, 2017). The stream morphology gets transformed to accommodate the higher flows, causing
geomorphic degradation of receiving waters due to stream erosion and changes in meander patterns. In addition,
sediment loads from channel erosion as well as the transport of sediments, nutrients, metals and bacteria deposited on
urban surfaces from vehicular and industrial emissions degrade the quality of receiving streams. The increase in the
water temperature and the turbidity of downstream channels places additional stresses on the aquatic and wetland
ecology, resulting in a decline in aquatic habitat quality and a reduction of biodiversity in animal and plant species
(MOE, 2003; Somers et al., 2013).
Conventional stormwater management (SWM) infrastructure focuses on flood prevention and efficient routing of
stormwater to receiving streams. However, starting from the mid-1990s, a greater emphasis was placed on the
implications of urbanization on the hydrologic cycle and the stream and wetland ecosystems (Burns et al., 2012;
Marsalek and Schreier, 2009). The preservation of water balance (hydrology) as well as water quality in the design of
SWM practices were both deemed to be important objectives in conserving plant and animal biodiversity, as runoff
volumes and effluent concentrations of pollutants pare directly related to downstream loadings of pollutants. SWM
design guides have been updated with those objectives in mind and have promoted the implementation of green
infrastructure (GI) or low-impact-development (LID) SWM strategies (Burns et al., 2012; LeFevre et al., 2015; MOE,
2003). LID SWM strategies seek to reduce runoff volumes and pollutant loading by managing the stormwater as close
to its sources as possible. They are designed to mimic pre-development hydrology and reduce the aforementioned
effects of urbanization on the receiving waters (USEPA, 2007). LID technologies vary in form, and typical examples,
shown in Figure B.1, include bioretention cells, permeable pavements (PPS), green roofs, infiltration trenches and
enhanced grass swales (bioswales). LIDs offer secondary benefits as well, including rainwater harvesting potential
(Askarizadeh et al., 2015; Jeong et al., 2016), energy savings and attenuation of the urban heat island effect (Carter
and Keeler, 2008; Larsen, 2015), carbon sequestration, and air pollution removal (Flynn and Traver, 2013; Yang et
al., 2008). More information regarding LID implementation can be found in TRCA and CVC (2010) and MOE (2003).

B. Environmental Impacts of LID Implementation & Life Cycle Assessment (LCA)
Though the economic and environmental benefits of LIDs pertaining to freshwater sources, aquatic and plant life
offered by their SWM capabilities are widely accepted de facto, their impacts are not generally quantified.
Furthermore, the environmental implications of LID implementation other than their SWM benefits are rarely assessed
and discussed during decision making processes. The environmental impacts of construction, operation, maintenance
and decommissioning of LIDs are not established to the same rigor as their SWM benefits. Doing so will allow
decision makers to answer some key questions related to SWM infrastructure, namely:
•

Are the environmental impacts of construction, maintenance and decommissioning of LIDs greater than the
benefits they offer?

•

Which LID types are the most preferable and least preferable in terms of their overall environmental
performance?

•

What is the overall environmental performance of LIDs compared to more traditional, end-of-pipe SWM
solutions?

1

Life cycle assessment is a technique that can be used to estimate the environmental impacts of LIDs and answer
these key questions. Life cycle assessment (LCA) assesses the potential cradle-to-grave1 environmental impacts of a
product throughout its life cycle from raw material acquisition and production, through its use and maintenance, to its
end-of-life treatment. It does this by compiling the material and energy inputs and outputs needed for each phase of
the product’s life cycle and evaluates the potential environmental impacts of those inputs and outputs. The process of
LCA has been systemized by the International Organization of Standardization (ISO), and the LCA framework
defined by the ISO is widely used by LCA practitioners in all fields, including the LCA of GI. The ISO defines the
four steps of LCA (Figure B.2) to be:
1.

Goal and scope definition
• Define the system boundary and level of detail; the depth and breadth of the study
• Include a well-defined layout of the product’s stages and its function over which its environmental
impacts are referenced (functional unit)
• State the assumptions and limitations of the study

2.

Life cycle inventorying (LCI)
• For each process, tally the inputs in terms of raw materials, energy and other ancillary inputs; and
outputs in terms of products, co-products, waste products, emissions to air, water and soil

3.

Life cycle impact assessment (LCIA)
• Estimate the potential environmental impacts of the inputs and outputs tallied in the LCI stage and
their severity
• Users generally choose a pre-developed LCIA model
• Often accompanied by uncertainties due to limited development of characterization models and
spatial and temporal discrepancies between the LCIA model and the case study

4.

Life cycle interpretation
• Evaluate and discuss the findings from the LCI and the LCIA phase
• Draw conclusions and recommendations in accordance with the goal and scope of the study

All four stages of the LCA methodology are iterative and are generally modified throughout the study phase as
more data is collected and analyzed.
There are limitations associated with the LCI and the LCIA phases of LCA. Primary data collection for LCI is a
resource-intensive step, and LCA practitioners rely on third-party LCI databases to represent the processes that make
up a product’s life cycle. European and U.S.-specific databases exist and are widely used by LCA practitioners, but a
Canadian-specific database does not exist. The exact inventory of a process associated with a product, especially for
a specialized product, is not always available in the databases, and users sometimes have difficulties finding predefined processes which are similar to the processes associated with the development of their product (Matthews et
al., 2014; Olivier et al., 2015). Similarly, LCIA determination is a laborious step, and practitioners are forced to use
the methods already developed, which may have used different spatial and temporal assumptions. Furthermore, LCIA
results between different methods are not easily comparable for the majority of impact categories as they use different
reference substances to estimate potential impacts in any given category (EC-JRC, 2011; Horne et al., 2009). The
decision reached during the interpretation phase can also change based on the LCIA method chosen (Cavalett et al.,
2013; Dreyer et al., 2003; Pant et al., 2004; Pizzol et al., 2011), making the LCIA selection the most confusing step
of LCA. Many users therefore disregard the LCIA step and instead base their decisions on emission of select
substances in their inventory.

1

‘Cradle-to-grave’ begins with the acquisition of raw materials from the earth to the point when all materials are
returned to the earth
2

Figure B.1. Examples of LIDs in residential neighbourhood; clockwise from top-left corner: bioretention in
operation, bioswale in operation, porous asphalt roadway, and infiltration trench construction. Source: (TRCA and
CVC, 2010)

Principles & Framework [Goal
& Scope Definition]
(ISO 14040)

Life Cycle Inventory [LCI]
(ISO 14044)

Life Cycle Interpretation
(ISO 14044)

Life Cycle Impact Assessment
[LCIA]
(ISO 14044)

Figure B.2. The framework of life cycle assessment (LCA) methodology. ISO 14040 and ISO 14044 refer to ISO
(2006a) and ISO (2006b), respectively

3

C. Contents of Dissertation
The thesis presented here, consisting of four chapters, seeks to compare the performance of bioretention and
permeable pavement systems of different specifications and estimate the total environmental impacts of LIDs on a
case study basis. The case study consists of an LID parking lot test-site located in Mississauga, ON (Figure C.1). The
four chapters are:
1.

Bioretention Systems to Achieve Multiple Stormwater Management Objectives for A Commercial
Parking Lot

2.

Permeable Interlocking Concrete Pavements (PICP) to Achieve Multiple Stormwater Management
Objectives for A Commercial Parking Lot

3.

Comparative Cradle-To-Grave Life Cycle Assessment (LCA) of Low Impact Development (LID)
Technologies

4.

Life Cycle Impact Assessment: Comparison of Five Methods in the Case of Low-Impact-Development
Technology

The hydrologic and water quality performance of the three bioretention cells and the three permeable pavements
(PPS) located on the test site over a 3-year monitoring period are presented in chapters 1 and 2, respectively. The
volume reductions and peak flow reductions between the respective LIDs as well as the effluent event mean
concentrations (EMCs) of various constituents from the LIDs are assessed and compared to the established literature.
The cradle-to-grave environmental impacts of the LID test site are estimated in chapter 3. The impacts of a traditional,
end-of-pipe SWM pond are compared to the LID test site as well. A harmonization of the LCIA results between
various methods is attempted in chapter 4 in order to directly compare their results. This chapter also presents a brief
overview of popular LCIA methods and impact categories to bridge the gap of knowledge between LCIA developers
and LCA practitioners. All four chapters have been submitted for journal publication and are under review. The
versions presented here may differ from the published versions due to potential revisions.

Figure C.1. Aerial view of the IMAX LID site. Areas 2, 3 and 4 drain to the bioretention cells. Areas 5, 6 and 7
represent the permeable pavement lots. Area 1 represents the asphalt control site. Image source: CVC (2016)
4
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1. BIORETENTION SYSTEMS TO ACHIEVE MULTIPLE STORMWATER
MANAGEMENT OBJECTIVES FOR A COMMERCIAL PARKING LOT
Akul Bhatt; Andrea Bradford
School of Engineering, University of Guelph. Guelph, Ontario, Canada.
[Abstract] A parking lot at the IMAX headquarters in Ontario, Canada was retrofitted with green infrastructure and
the site was instrumented for long-term performance monitoring. The retrofit included three parallel bioretention
systems: one with a Jellyfish® Filter pre-treatment unit, one with a Sorbtive® Vault post-treatment unit, and one
standalone bioretention cell. Outflows have been monitored continuously during the warm season (April through
November) for three years (2014 – 2016) and effluent water quality has been characterized. For events up to 25 mm
(90% of all the sampled events), 53% – 84% volume reduction was achieved. For events larger than 25 mm which
occurred during the study period, the median peak flow reductions ranged from 68% – 71% for the bioretention
systems. The performance of the system with the lowest volume and peak flow reductions may be due to a substantial
increase in as-built drainage area compared to the design drainage area. Event mean concentrations for most water
quality parameters are similar in each of the bioretention effluents. They were also comparable to the EMCs measured
in samples of runoff from a conventional asphalt area on site. Even without concentration reductions, the good volume
retention results in substantial mass load reductions. An assessment of hydrologic and water quality performance
during the colder months of December to March showed slightly lower volume reductions and slightly higher effluent
concentrations of metals compared to the remaining months. The results suggest good performance of these water
balance, water quality and erosion control objectives important to protect stream water quality and habitat. Further
work is needed to understand the saturation characteristics of the bioretention media during more intense events and
the hydrologic performance of bioretention during the colder months.
Keywords: stormwater management; urban drainage; low-impact-development; bioretention; biofiltration; rain
garden; green infrastructure; volume retention; stormwater pollutants

1.1 Introduction
As urbanization replaces natural land surfaces, the increase in imperviousness alters the water balance towards
higher surface runoff and lower infiltration and evapotranspiration, thus increasing the prevalence of flooding. The
watershed response characteristics, namely the time of concentration, are significantly reduced, resulting in peakier
flow rates (Hamel et al., 2013; Palanisamy and Chui, 2015), which modifies the stream geomorphology and reduces
its stability (Wissmar et al., 2004). Pollutants in the form of sediments, heavy metals, nutrients and bacteria
accumulated on the impervious surfaces are discharged into the receiving streams, deteriorating the aquatic
environment (Géhéniau et al., 2015). Aquatic eutrophication potential, in particular, which is directly related to
nutrient loadings in stormwater, has been a cause of concern in the Great Lakes (Chapra et al., 2016; Kane et al., 2014;
Zhang et al., 2013).
Along with the rapid urbanization, there is also evidence that the characteristics of rainfall amount, intensity and
frequency are increasing as a result of climate change (IPCC, 2013). There is a growing recognition that current
practices regarding management of stormwater, which have traditionally focused on flood prevention and effective
routing of stormwater, are not adequate to deal with the increasing magnitude of storm events (Marsalek and Schreier,
2009) and should aim to restore pre-development flow regimes to preserve stream geomorphology and the ecosystems
in surrounding streams and wetlands. Alternative approaches to stormwater management (SWM) therefore emphasize
on-site detention and infiltration of rainwater instead of directly conveying it downstream (Hunt et al., 2012). On-site
capture of pollutants in the stormwater is also recognized as an important objective in the preservation of downstream
aquatic life. For example, urban loads of nutrients can represent a disproportionately large amount of a watershed’s
nutrient loading, contributing to aquatic eutrophication, and SWM implementation is increasingly used as a treatment
system in removing nutrient loads from influent stormwater (Watson et al., 2016).
1.1.1
Green Infrastructure and Bioretention Systems
Green infrastructure (GI) or low impact development (LID) infrastructure mitigates effects of urbanization on the
hydrologic cycle and receiving waters. It includes measures such as permeable pavement systems (PPS), green roofs,
bioretention (biofiltration) and bioswales. These controls capture and store stormwater runoff providing opportunity
for treatment, retention and detention. Bioretention cells typically include a plant and a mulch layer on top of a filter
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media designed to detain the influent stormwater and evapotranspirate and gradually infiltrate it into the underlying
soils.
Bioretention systems are designed to receive a considerable amount of runoff from adjacent impervious surfaces in
addition to direct runoff. Evapotranspiration is promoted through the use of vegetation and temporary storage of
stormwater in the filter media. During larger events, the ability of bioretention systems to reduce runoff volume, and
delay outflow, reduces pressure on downstream infrastructure. Benefits can include less frequent surcharging of
stormwater conveyance systems and releases of untreated wastewater and stormwater from combined sewers (Alyaseri
and Zhou, 2016). Runoff volume reduction reduces the frequency and duration of flows responsible for erosion and
habitat degradation in streams (DeBusk et al., 2011; Olszewski and Davis, 2013). It contributes to mass load reduction
and water quality protection. The infiltration to underlying soils achieved by GI can contribute to groundwater
recharge and maintenance of stream baseflow and thermal regimes although matching flow timing remains particularly
challenging (Hamel et al. 2013).
Bioretention systems, due to their ability to treat larger drainage areas compared to their footprint, have an advantage
over other LIDs in areas where space is limited. This characteristic of bioretention also minimizes their life cycle
impacts for the same volume of water treated compared to other LIDs such as PPS (Bhatt et al., 2017). A growing
body of literature describes the results of research on the effectiveness of different types and designs of bioretention
systems (Gülbaz and Melek, 2016; Hunt et al., 2012; Olszewski and Davis, 2013; Winston et al., 2016). Bioretention’s
sorption capability of common constituents found in urban runoff has been the focus of many recent studies (Gülbaz
et al., 2015; Li and Davis, 2016, 2014; Strong and Hudak, 2015; Yan et al., 2016). Novel approaches to bioretention
filter media design as well as application of treated effluent have been considered (Doan and Davis, 2017; Goh et al.,
2017). The effect of age of bioretention on its performance and the importance of regular maintenance practices in
preserving the hydrologic and stormwater treatment design capacities of bioretention is also of research interest
(Brown and Hunt, 2012; de Macedo et al., 2017; Johnson and Hunt, 2016). Kratky et al. (2017) produced a review of
the performance of bioretention in cold climates and additional challenges and design considerations in implementing
bioretention in cold climate conditions. Life cycle assessment (LCA) of bioretention, both standalone and coupled
with other LIDs, currently focuses on the construction, operation and decommissioning of GI and includes only a
preliminary assessment of the impacts of maintenance due to lack of relevant information regarding typical
maintenance practices (Andrew and Vesely, 2008; Flynn and Traver, 2013; Hengen et al., 2016; O’Sullivan et al.,
2015). Opportunities exist to advance bioretention design to achieve multiple objectives in different settings, to
improve treatment and reduce infiltrate and effluent concentrations of ecologically important water quality parameters,
and to advance life cycle assessment of these systems.
1.1.2
Site Description
The research site is located at IMAX’s Canadian headquarters in Mississauga, Ontario. This location is in the
headwaters of the Sheridan Creek Subwatershed, a 1035 ha, fully urbanized watershed in the Greater Toronto Area
(GTA). Sheridan Creek has experienced channel erosion and water quality degradation. It discharges to Rattray Marsh,
an important coastal wetland along Lake Ontario.
An upgrade and expansion of IMAX’s parking lot presented an opportunity to retrofit the site with green
infrastructure. Funding from the Province of Ontario and contributions from numerous project partners made it
possible to add the necessary infrastructure for long-term performance monitoring of the green infrastructure.
Construction was completed in Fall 2013.
The drainage area of the site is 1.0 ha (9978 m2) based on a post-construction survey. Runoff from traditional
asphalt on the southern portion of the parking lot and entrance driveway is directed to bioretention areas. Permeable
pavement, incorporated in the northern portion of the parking lot, manages direct rainfall. This paper focuses on the
performance of the bioretention systems.
1.1.3
Study Objectives
The IMAX study is part of a larger program intended to answer key questions related to green infrastructure and
support much more widespread implementation of the approach (CVC, 2012). It demonstrates the ability of different
types of GI and alternative designs of these systems to meet flood control, erosion control, water quality, groundwater
recharge and habitat protection requirements. It provides a comparison of long-term maintenance needs and
performance between systems, thereby improving the capacity for LCA of GI to include comprehensive assessment
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of maintenance practices. This paper presents the hydrologic and water quality performance of three bioretention
systems for a three-year period, focusing on the warm season. The systems are located within an actively used parking
lot which was designed for green infrastructure research. The three bioretention variants are monitored for hydrologic
response to events, runoff volume reduction, peak flow reduction and effluent water quality.
1.1.4
Bioretention Systems
The parking lot site consists of seven distinct areas: three PPS in the northern portion of the lot (IX-5, IX-6 and
IX-7), three bioretention cells in the southern lot (IX-2, IX-3 and IX-4), and a 331 m2 traditional asphalt control area
(IX-1) located in the eastern portion of the lot. This paper focuses on the three bioretention cells, all hydraulically
separated, whose characteristics are summarized in Table 1.1.1. All three systems have similar engineered media
characteristics and depth. IX-2, however, utilizes Sorbtive® Vault as post-treatment, and IX-3 utilizes Jellyfish® Filter
as pre-treatment, both developed by Imbrium® Systems. The pre-treatment and post-treatment units are implemented
to evaluate potential advantages of a treatment chain over a standalone unit. All three bioretention cells were designed
to have a similar ratio of drainage area treated to bioretention surface area, but the as-built ratio for IX-2 IX-3 and IX4 based on post-construction surveys is 29.2, 22.5 and 37.6 m2/m2, respectively. Underdrains were considered
necessary due to the low hydraulic conductivity of the native soil comprised of silty clay till. The underdrain systems
were equipped with valves for research purposes; however, the systems have not been tested with restricted outflow
to date.
Table 1.1.1. Bioretention system details

System Description
Drainage Area [m2]
Surface Area [m2]
Media Specification
Underdrain Details

Area 2 – IX-2

Area 3 – IX-3

Area 4 – IX-4

Bioretention, using
Sorbtive® Vault for
post-treatment

Bioretention, using
Jellyfish® Filter

Standalone Bioretention

1169

1394

2709

40
62
72
600 mm media depth, comprised of 85% sand, 10% fines, and 5% organic
matter, by weight
200 mm perforated HDPE main collection pipe 25 mm above base

1.2 Methodology
1.2.1
Monitoring Infrastructure and Data Collection
Each bioretention system has an associated manhole equipped with a custom V-notch weir, flow logger and
automated sampler. A manhole downstream of a traditional asphalt control area (IX-1) was similarly equipped. The
collection pipes and manhole for the control have had problems with leaks which have not been fully resolved. Thus,
the flow data for the control are not used in the analysis. The post-construction drainage area for the control was also
smaller than designed and primarily includes little utilized parking stalls. The bioretention drainage areas likely receive
additional loading of contaminants on driving lanes and more frequently used stalls. The bioretention drainage areas
changed slightly (<10%) from their design phase, with the exception of IX-4, which increased by 48%. This provides
an opportunity to examine the performance of undersized bioretention.
The monitoring equipment used is listed in Table 1.2.1. Precipitation is monitored on site and recorded at 5 minute
intervals, providing both the amount of precipitation and its distribution during events. A rain gauge located just over
1 km from the IMAX property is used for quality assurance and to fill occasional data gaps. The inflows into the three
bioretention systems are modeled, but nearly all the rainfall becomes inflow due to high imperviousness. Discharge
rates from the bioretention systems are logged at 10 min intervals. Outflow from the bioretention systems triggers
automated samplers. All bottles are filled, provided there is sufficient runoff, and used to generate a flow-weighted
composite sample. Samples were not included in the analysis if less than 80% of the event was captured. Table 1.2.2
summarizes the analytical methods and detection limits for selected water quality parameters. This paper focuses on
the warm season (April through November) so periods of snow accumulation and melt do not affect the hydrologic
performance reported; though the hydrologic and water quality data for the colder months (December through March)
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that is available is compared to gauge the performance of the bioretention cells in cold climate. The analysis presented
in this paper is based on data collected during 2014, 2015 and 2016. Refer to CVC (2016) for more detailed sampling
and analysis protocols.
Table 1.2.1. Monitoring equipment details.
Measurement Type

Equipment

Rainfall Depth and
Intensity
Flow

Hydrological Services TB3
Rain Gauge (Heated)
Custom V-notch Weir

Water Quality Samples

ISCO Model 6712
Automatic Sampler

Water Level and Ponding
Depth

HOBO Model U20 level
loggers

Sampling
Frequency
5 min
10 min
When triggered,
500 mL sample
every hour for 48
hours
30 min

Table 1.2.2. Analytical methods for selected water quality parameters
Parameter
TSS
TP
TKN
NO3 + NO2
NH3
Iron
Copper
Lead
Cadmium
Zinc

Lab Analysis Method
SM2 22 2540D
SM 22 4500 P B H
OMOE3 E3516
SM 22 4500-NO3I/NO2B
EAP GS I-2522-90
EPA4 6020A
EPA 6020A
EPA 6020A
EPA 6020A
EPA 6020A

Detection Limit
1 mg/L
0.004 mg/L
0.1 mg/L
0.1 mg/L
0.01 mg/L
5 μg/L
0.1 μg/L
0.05 μg/L
0.01 μg/L
0.5 μg/L

1.2.2
Data Analysis
Precipitation events are defined as periods of precipitation with a depth of 2 mm or greater. The established
protocol was to separate events based on a minimum of 6 hours with no rainfall and no outflow. Despite the different
storage capacities and treatment additions to the bioretention units, outflow responses did not vary significantly. In all
the cases, separate rain events produced separate outflow events. To allow direct comparisons between systems for
particular events and to appropriately assign performance to the correct rainfall magnitude range, outflow hydrographs
were separated. Separation was based on the cessation of outflow (albeit for less than 6 hours).
The hydrologic analysis of the warm seasons (Apr – Nov) included 102, 106 and 117 events for IX-2, 3 and 4,
respectively. The different number of events was due to occasional problems with sensors or power which resulted in
unreliable or missing data. The analysis includes comparison of the hydrologic responses of the bioretention systems.
Volume reductions for different event magnitude ranges are summarized and peak flow reductions for events 25 mm
and larger are provided.
The number of composite samples included in the analyses of effluent concentrations for IX-2, IX-3 and IX-4
during the warm (Apr – Nov) months were 25, 24 and 29, respectively. For this paper, effluent concentrations are
compared to the quality of the runoff from the control area. Twenty-six composite samples were included in the
characterization of IX-1 quality. EMCs of selected water quality constituents (Table 1.2.2) are compared to observe
the physical filtration and sorption capacities of the bioretention systems. Loadings of these constituents normalized
by the bioretentions’ drainage area are also compared. Comparisons of means are made using the parametric Welch’s
2

Standard Method, 20th Edition (2012)
Ontario Ministry Of the Environment
4
United States Environmental Protection Agency
3
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t-test, and comparisons of medians are made using the non-parametric Mann-Whitney (Wilcoxon rank sum) test; both
using a confidence interval of 95% (α = 0.05). The sample size requirement of both the tests is satisfied. The parametric
method is chosen due to its high statistical power and the lack of equal variances among samples. The non-parametric
method is chosen because the spread of the data and presence of outliers in the upper bound suggests that median
might be a better estimate of the data’s central tendency. The null hypothesis of both the tests is that no significant
difference between the bioretention samples’ EMCs or loads exists. The null hypothesis is rejected (i.e. differences in
EMCs or loads between the bioretention systems are deemed significant) when the p-value is less than α = 0.05.
As noted above, the control area may be subject to less pollutant loading than the bioretention systems. The
technical report for the IMAX site provides an alternative comparison to average stormwater runoff quality for
industrial and commercial land uses based on the National Stormwater Quality Database (CVC, 2016).

1.3 Results and Discussion
1.3.1
Precipitation
Precipitation measured on-site during the study was used in the analysis of the performance of the bioretention
systems. However, when interpreting results, it is valuable to understand whether the precipitation during the study
period was typical. Long-term records are available for the Oakville WPCP and Toronto Pearson meteorological
stations which are 4 km and 18 km from the study site, respectively. Table 1.3.1 compares the April to November
precipitation measured at the study site in 2014, 2015 and 2016 to the long-term averages (using data from 1981-2010)
at the Oakville and Toronto Pearson stations. The cumulative precipitation between April and November was typical
for 2014 and 2015 (i.e. within 5% of the 30 y averages). In contrast, the 2016 warm season was drier than normal.
Table 1.3.1. Comparison of total precipitation on the study area to long-term records at nearby sites for the months
of April to November

Year
2014
2015
2016

April - November Precipitation [mm]
Oakville
Study
Toronto Pearson (1981(1981-2010
Area
2010 average)
average)
608.6
561.4
579.3
578.8
452.0

Relative Difference
Oakville (19812010)

Toronto Pearson (19812010)

4.8%
-3.2%
-28.2%

4.9%
-3.1%
-28.1%

The frequency of events of various sizes during the monitoring period at IMAX, shown in Table 1.3.2, were similar
to the long-term regional frequency of occurrence. Events less than 25 mm made up about 90% of all precipitation
events which compares well with the long-term average for the region. However, these events only contributed 65%
of the total precipitation during the period. The occurrence of several large events during the study period provided
the opportunity to assess the response of the green infrastructure to more infrequent storms.
Table 1.3.2. Distribution of precipitation of the events analyzed during the study period (beginning of April to end of
November from the years 2014 to 2016)
Event Size Range [mm]
2–5
5 – 10
10 – 15
15 – 20
20 – 25
25 – 30
> 30
TOTAL

Number of
Sampled Events
42
29
19
13
6
4
8
121

Depth [mm]
144
205
232
219
134
108
390
1,432
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Percentage of All
Sampled Events
35%
24%
16%
11%
5%
3%
7%
100%

Percentage of
Cumulative Volume
10.1%
14.3%
16.2%
15.3%
9.4%
7.5%
27.3%
100%

1.3.2

Hydrology – Results

1.3.2.1

Transient Response

0.006

0
Precipitation [mm]
Impervious [L/s/m^2]
IX-2 [L/s/m^2]
IX-3 [L/s/m^2]
IX-4 [L/s/m^2]

0.004

1
2
3

0.003
4
0.002

5

0.001

6

0

7

Precipitation [mm]

0.005

12:10 PM
12:35 PM
1:00 PM
1:25 PM
1:50 PM
2:15 PM
2:40 PM
3:05 PM
3:30 PM
3:55 PM
4:20 PM
4:45 PM
5:10 PM
5:35 PM
6:00 PM
6:25 PM
6:50 PM
7:15 PM
7:40 PM
8:05 PM
8:30 PM
8:55 PM
9:20 PM
9:45 PM
10:10 PM
10:35 PM
11:00 PM
11:25 PM
11:50 PM
12:15 AM
12:40 AM
1:05 AM
1:30 AM

Outflow normalized by drainage area [L/s/m2]

Hydrographs of IX-2, IX-3 and IX-4 for a 7 hour, 22.6 mm event and a 4 hour, 40.6 mm event are shown in Figure
1.3.1 and Figure 1.3.2, respectively, in order to observe and compare the hydrological response of the bioretention
systems. An impervious surface’s hydrograph is modelled using the Simple Method (Schueler, 1987) and included
for comparison. All three bioretention cells’ hydrographs rose together and had similar shapes. Compared to the
impervious response, the peak flows of bioretention were highly attenuated. For the two events observed, IX-4 had
the highest peak flows, followed by IX-3 and IX-2. As expected, a higher peak flow reduction was achieved for the
smaller 22.6 mm event (~68% peak flow reduction across all three systems). However, the peak flow reductions for
events greater than 25 mm shows a median peak flow reduction of 69% for the larger events as well (Table 1.3.3).

10-08-2015

11-08-2015

Figure 1.3.1. Hydrograph of a 7-hour duration, 22.6 mm precipitation event on 10 th August 2015, normalized by
drainage area
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0.004
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0

29-09-2015

30-09-2015

Figure 1.3.2. Hydrograph of a 4-hour duration, 40.6 mm precipitation event on 29 th September 2015, normalized by
drainage area
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1.3.2.2

Peak Flow Reduction

For events greater than 25 mm, peak flow reductions become important. For most of the events summarized in
Table 1.3.3, the antecedent conditions were dry with at least 3 days since any rainfall, and in many cases more than 5
antecedent dry days. The median peak flow reductions of IX-2, IX-3 and IX-4, for the events in this size range that
occurred during the study period, were 70%, 71% and 68%, respectively. All three systems had low peak flow
reductions during the high magnitude and high peak intensity 29th September, 2015 event. The 30th May, 2015 event
also had a high magnitude and a high peak intensity, yet all three systems managed to perform adequately. All the
rainfall occurred within 5 hours during the 29th September event (Figure 1.3.2), and 90% of it fell within 3 hours. The
surface ponding depth likely exceeded the surface infiltration capacity of the systems during this event. The rainfall
during the 30th May event lasted for 32 hours however, with gaps in rainfall of up to 4 hours, which allowed more of
the ponded water to be infiltrated, explaining higher peak flow reductions from all three systems during this event.
IX-3 also had a lower peak flow reduction during the 19th April 2014, low 6 mm/hr peak intensity event compared to
IX-2 and IX-4. The reasons for this underperformance are unclear as of yet.
Table 1.3.3. Summary of peak flow reductions for selected events >25 mm.
Date

Precipitation
Depth [mm]

Peak Precipitation
Intensity [mm/hr]

27-Jul-2014
11-Aug-2014
05-Sep-2014
19-Apr-2015
30-May-2015
27-Jun-2015
29-Sep-2015
26-May-2016
29-Sep-2016

66
26.6
36.8
25.2
58.8
64.2
41
28.4
27.6

42
25.2
24
6
56.4
14.4
40.8
70.8
14.4
Average
Median

1.3.2.3

Peak Flow Reduction
IX-2
IX-3
IX-4
63.1%
46.5%
65.3%
63.9%
71.0%
47.0%
74.9%
72.6%
49.5%
74.3%
37.6%
70.0%
62.2%
74.1%
76.8%
80.1%
67.4%
71.4%
55.5%
59.3%
55.0%
69.8%
70.5%
79.4%
74.3%
74.0%
68.3%
68.7%
63.7%
64.7%
69.8%
70.5%
68.3%

Volume Reduction

Figure 1.3.3 presents the outflows normalized by the inflows (i.e. the proportion of inflow that gets discharged)
for different ranges of event magnitudes. Across almost all the event size categories, IX-2 had the lowest outflows,
followed by IX-3 and IX-4. The lower volume reduction from IX-4 may be explained by its as-built specifications.
IX-4 has a larger hydraulic loading rate compared to IX-2 and IX-3. Events with the poorest volume reduction at IX4 produced overflows because its footprint was undersized compared to IX-2 and IX-3. Better volume reduction was
achieved for lower intensity events which did not produce overflows.
Because events ≤ 25 mm in magnitude occur much more frequently and contribute a large proportion of the annual
precipitation (Table 1.3.2), their management is particularly important for water balance and recharge objectives.
Events in this size range are also responsible for transporting a large proportion of the annual contaminant mass
delivered to receiving waters. The inset of Figure 1.3.3 highlights the percent volume reduction achieved for events ≤
25 mm; IX-2, IX-3 and IX-4, reduced runoff volumes by 84%, 71% and 53%, respectively. As noted above, the poorer
performance of IX-4 can be attributed to a substantial increase in its drainage area from its design phase.
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Outflow, normalized by inflow [Lout/Lin]

0.7

53%

0.5

33%

IX-2
IX-3
IX-4

0.4
0.6

0.5

71%
0.3
84%

0.2
0.1

0.4

41%

41%

47%

48%

46%

52%

57%

0

62%

2 - 25 mm

0.3

66%

67%
74%

75%

78%
0.2
87%

67%

86%

78%

80%

83%

0.1

98%
0

2-5 mm

5-10 mm

10-15 mm

15-20 mm

20-25 mm

25-30 mm

≥ 30 mm

Event Size

Figure 1.3.3. Runoff (outflow) volumes of IX-2, IX-3 and IX-4, normalized by their respective inflow volumes and
distributed by precipitation event size. The value above the bars represents the percentage of volume reduction
achieved by each system in the specified event bin
1.3.2.4

Winter (Dec – Mar) Hydrology

There were 31, 32 and 38 winter (Dec – Mar) events assessed during the monitoring period for IX-2, IX-3 and IX4, respectively. The precipitation during the months of December to March consisted of rain and snow. No record of
snow accumulation depth was kept. However, some outflow events with no inflow during dry periods were recorded
due to the melting of accumulated snow, suggesting that snow melt forms a fraction of the outflow during events. For
events in the 2 – 25 mm range (90% of all the winter sampled events), the volume reduction achieved by IX-2, 3 and
4 during the winter months was 88%, 82% and 79%, respectively. The volume reduction for IX-2 and IX-3 in this
range was 10% and 6% lower, respectively, than the volume reduction during the months of Apr – Nov. IX-4’s volume
reduction is 5% higher, however, compared to its Apr – Nov performance. The lower volume reduction from IX-2
and IX-3 may be due to accumulated snow contributing to the outflow or due to reduced porosity from freezing water
in the winter months (Kratky et al., 2017).
1.3.3
Hydrology – Discussion
In general, the bioretention systems responded to events with a gradual rise and recession, and their peaks were
highly attenuated compared to the modelled, impervious surface. This characteristic response is similar to that
observed in other studies of bioretention (de Macedo et al., 2017; DeBusk et al., 2011; DeBusk and Wynn, 2011;
Olszewski and Davis, 2013; Winston et al., 2016). A recent review of hydrologic performance of bioretention indicates
that a lag in peak flows should occur for storms of this size (Liu et al., 2014). Compared to the impervious surface’s
response, no lag in the response from the PPS’ outflow was observed during either of the events analyzed (Figure
1.3.1; Figure 1.3.2) due to the combination of relatively small drainage areas and the 10-min outflow logging interval.
However, the most common design goals to mimic predevelopment hydrology are mitigating peak flow or runoff
volumes (Hunt et al., 2012), though design requirements do vary by jurisdiction.
Peak flow reductions as a result of detention provided by the bioretention systems serve an important function in
preserving pre-development transient hydrology. With an appropriate scale of implementation, the results suggest that
bioretention’s peak flow reductions can help to prevent surcharging of downstream storm sewers and reduce urban
and watercourse flooding. Generally, the mean and median peak flow reductions of the systems suggest that all three
bioretention cells were equally successful in attenuating peak flows for events greater than 25 mm (Table 1.3.3). The
similarity between all three systems’ peak flow reductions suggest that treatment chains implemented in IX-2 and IX3 are unnecessary for peak flow attenuation. IX-4’s undersizing also did not hamper its peak flow attenuation potential.
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Peak flow reductions have been reported in other bioretention studies, although care should be taken in making
comparisons since median values may be for events across all size ranges and not just larger events. Nevertheless, in
comparison, the peak flow reductions observed by others include: Winston et al. (2016b) [median ~96%, 1.2 m deep
media], Olszewski and Davis (2013) [median ~83%, 1 m deep media], and DeBusk and Wynn (2011) [median ~91%,
1.8 m deep media]. The lower peak flow reductions observed in this study can be attributed to the inclusion of larger
storms in the calculation.
For the smallest event size classes, the volume reductions observed during the monitoring period (Figure 1.3.3)
indicate that runoff can be almost entirely eliminated. For the 2-5 mm event class (35% of all sampled events), IX-2
achieved 98% volume reduction. Other bioretention studies have also observed no outflows during the more common,
smaller events (DeBusk and Wynn, 2011; Liu et al., 2014; Wilson et al., 2015). The volume reduction observed by
similar bioretention studies is 97% cumulatively from 41 events with an average rainfall of 8 mm (DeBusk and Wynn,
2011); 59% cumulatively from 50 events with an average rainfall of 14.4 mm (Winston et al., 2016); 97% cumulatively
from 47 events (Wilson et al., 2015); and 69% cumulatively from 12 events with an average rainfall of 25.6 mm
(Trowsdale and Simcock, 2011), suggesting that volume reduction potential of bioretention varies considerably based
on design specifications, the relative area treated and storm characteristics. The bioretention performance of the IMAX
site (62% total volume reduction across all three cells) is comparable to the volume reduction observed by others.
The winter hydrologic monitoring data shows that volume reduction is not drastically affected during the winter
months. Although snow removal via ploughing was not rigorously documented in this study, this observation mirrors
Khan et al. (2012a)’s observation of winter hydrologic retention of bioretention in Calgary, AB, which indicated a
~15% reduction in volume retention during the winter months compared to the rest of the year. Géhéniau et al. (2015)’s
assessment of winter hydrologic performance of bioretention during the months of November – April in Montréal,
QC, observed a higher reduction in performance however. Their volume retention was reduced to 35% during the
winter months compared to 59.7% during the rest of the year (40% reduction in hydrologic performance), suggesting
that a lower volume reduction during the winter months is plausible.
These results support the assertion that bioretention, if applied on a watershed scale, can help to restore the predevelopment hydrologic response for an urban area and contribute to achieving more natural flow regimes in receiving
waters. The high volume retention achieved by bioretention indicates good performance relative to water balance and
water quality objectives. Although the percent volume reduction declines for larger event size categories, the volumes
retained do contribute to the management of runoff from the larger, less frequent storms. Aquatic biota can be affected
by the disturbances caused by frequent flow increases so using bioretention to restore the pre-development frequency
of runoff can have ecological benefits (Walsh et al., 2005). With that being said, Olszewski and Davis (2013) observed
that their bioretention cell’s regime did not approach the stability of a forested stream hydrology. They concluded that
peak flow mitigation and volume reduction cannot be the only factors for measuring performance of bioretention in
solving urban hydrology problems.
1.3.3.1

Ponding Depth

The water level within the media was assessed during the monitoring period to determine if the media became
saturated during the more common (< 25 mm) events. The water levels within the media was measured using two
wells; one extended to the middle of the bioretention media, and the other extended to the bottom of the bioretention
media. The observation well extended to the base of the bioretention systems showed that the water level within the
media rarely reached the ground surface (Figure 1.3.4), indicating that the media near the surface did not get
completely saturated. However, ponding at the surface of all three systems occurred during almost every recorded
event (Figure 1.3.5), including the more common events, demonstrating that only part of the available storage volume
is being utilized. A deeper media in this case would not result in higher infiltration.
Brown and Hunt (2011) assessed the hydrologic performance of two undersized bioretention cells with different
depths (0.9 m and 0.6 m) ansd observed that the shallower cell had higher runoff volumes compared to the deeper cell.
However, the water level within the bioretention was not measured in their analysis. In Brown and Hunt (2011)’s case,
the shallower cell was treating 23.4 m2 of drainage area per 1 m2 of bioretention surface area (184 m2 drainage area :
1 m3 storage volume) compared to the deeper cell, which was treating 20.9 m2 of drainage area per 1 m2 of bioretention
surface area (134 m2 drainage area : 1 m3 storage volume), which may also be responsible for higher runoff values
from the shallower cell.
15

0

-0.1

1

-0.2

2

-0.3

3

-0.4

4

-0.5

5

-0.6

6

-0.7

7

-0.8
01-Jan

Precipitation [mm]

Meters below top of bioretention surface [m]

0

8
20-Feb

11-Apr

31-May

Water level within IX-4 [m]

20-Jul

08-Sep

Well Bottom [m]

28-Oct

17-Dec

Precipitation [mm]

0
1
2
3
4
5
6
7
8
9
10
11
12

0.15
0.05

Precipitation [mm]

Meters below top of bioretention surface [m]

Figure 1.3.4. Water levels within IX-4 during 2015 using the deep water level sensor
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Figure 1.3.5. Shallow water levels within IX-4 during 2015 using the shallow water level sensor
1.3.4
Effluent Water Quality
Contaminant removal mechanisms in bioretention systems include physical filtration for suspended particles,
biologically mediated chemical processes such as denitrification for nitrate removal, and sorption for dissolved
nutrients and metals (Cording, 2016; Davis et al., 2009). Table 1.3.4 summarizes the range and median effluent event
mean concentrations (EMCs) for selected parameters. EMCs for runoff from traditional asphalt in the IX-1 control
area are also provided. Although this control area is likely subject to less loading than other areas of the IMAX parking
lot, it is the only site-specific data available to compare to effluent concentrations.
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IX-3 had lower mean and median EMCs of TSS than IX-2 and IX-4. This is not surprising considering that the
Jellyfish® pre-treatment membrane unit at IX-3 is designed to remove particulate matter. No difference was observed
between IX-2 and IX-4 mean and median EMCs of TSS. IX-2 has Sorbtive® media treating its effluent, but as a posttreatment unit. It is speculated that the fine sediments may get filtered by the bioretention media before the effluent
enters the Sorbtive® media, leaving it to be no more effective compared to the standalone IX-4. No differences were
observed between the mean and median TSS normalized loads among the three systems.
IX-2 had the lowest mean and median TP EMCs compared to IX-3 and IX-4. It also had the lowest normalized TP
loads compared to IX-3 and IX-4. IX-2’s Sorbtive® media is specifically designed to adsorb dissolved phosphorus,
explaining IX-2’s relatively lower EMC. No differences were observed between IX-3 and IX-4 mean and median TP
EMCs and loads, suggesting that Jellyfish® filter is not as effective in removing TP as Sorbtive® media.
No significant difference between NH3 mean and median EMCs was observed between the three bioretention
systems. Despite the difference in volume reductions, NH3 loads were also similar between the three systems. The
similarity between each system’s performance may be due to standalone bioretentions’ high removal efficiency of
NH3/4+. Consistent removal of NH3/4+ has been observed across multiple bioretention studies (Brown and Hunt, 2011;
LeFevre et al., 2015; Li and Davis, 2014; Lucas and Greenway, 2008), making additional treatment chains, such as
the ones in IX-2 and IX-3, redundant in comparison to the standalone IX-4 unit.
NO3+NO2 EMCs were lowest in IX-2 compared to IX-3 and IX-4. No discernible difference was found between
IX-3 and IX-4’s EMCs, however. Gravity-fed (non-reverse osmosis) membrane units such as the Jellyfish® rely on
physical filtration and are not as effective at removing dissolved nutrients, which may explain IX-3’s and IX-4’s
similar removal rates. IX-2’s Sorbtive® media, although designed for treating phosphorus, may also adsorb dissolved
nitrogen. IX-2’s mean and median NO3+NO2 loads were also lower than IX-3’s and IX-4’s due to its higher volume
reduction. NO3+NO2 removal from bioretention is difficult because NO3+NO2 is highly soluble in water and does not
readily sorb to media (LeFevre et al., 2015). Furthermore, NH3 within the media gets partially converted to NO3
through the process of nitrification, often resulting in negative reductions (Strong and Hudak, 2015). Although
modifications to bioretention can be made to enhance denitrification and reduce NO 3 by using media with slow
infiltration rates (Lucas and Greenway, 2011).
No differences were observed between the mean and median kjeldahl nitrogen (TKN) EMCs among the three
systems. IX-2’s median TKN normalized loads were lower than IX-3’s and IX-4’s due to higher volume reduction.
No differences in loads were observed between IX-3 and IX-4 however. The removal of TKN, which is the total
amount of organically-bound nitrogen (org-N) and NH3/4+, by bioretention ranges from well to poor depending on the
composition of the influent stream. Unlike the removal of NH3/4, org-N removal is generally poor (Brown and Hunt,
2011; Li and Davis, 2014), resulting in substandard TKN removal.
Generally, all three systems performed similarly in the removal of metals, though IX-2 had slightly higher EMCs
of metals compared to IX-3 and IX-4. IX-2’s EMCs’ means and medians for Fe and Pb were higher than IX-3’s and
IX-4’s. IX-2’s Cu EMCs’ means and medians were higher than IX-4’s, though comparable to IX-3’s. No discernible
difference was found between IX-2’s and the remaining two systems’ EMCs’ for Cd and Zn. IX-3 and IX-4 also had
comparable EMCs among all the metals, with the exception of Pb, which had higher mean and median EMCs from
IX-3 compared to IX-4, and Cd which had lower median EMCs from IX-3 compared to IX-4. The effluent loads for
all the metals were also comparable between all three systems, with the exception of Cd, which had lower mean and
median loads from IX-2 compared to IX-4, and Zn, which had lower median loads from IX-2 compared to IX-4, both
due IX-2’s superior volume reduction. IX-3’s superior TSS removal did not influence its removal of metals compared
to the other systems, suggesting that the majority of the metals’ concentrations were in the dissolved form.
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Table 1.3.4. Summary of effluent EMCs of selected constituents
IX-1
Parameter
[units]
TSS
[mg/L]
TP [mg/L]
TKN
[mg/L]
NO3+NO2
[mg/L]
NH3
[mg/L]
Fe [μg/L]

IX-2

IX-3

IX-4

Range
Effluent
EMC

Median
Effluent
EMC

Range
Effluent
EMC

Median
Effluent
EMC

Range
Effluent
EMC

Median
Effluent
EMC

Range
Effluent
EMC

Median
Effluent
EMC

5 – 93

17.5

1 – 87

13.5

3 – 20

8

2 – 52

11

0.026 – 0.17

0.059

0.021 – 0.26

0.085

0.061 – 0.84

0.21

0.059 – 0.62

0.15

0.1 – 3.4

0.565

0.21 – 9.3

0.82

0.21 – 6.9

0.955

0.19 – 4.8

0.66

0.05 – 0.91

0.25

0.17 – 1.47

0.545

0.24 – 1.95

0.795

0.12 – 4.84

0.675

0.04 – 0.93

0.23

0.02 – 1.5

0.075

0.01 – 1.5

0.06

0.01 – 0.92

0.08

74 – 881

236

90 – 1100

325

37 – 820

101.5

42 – 817

133

Cu [μg/L]

4.1 – 25.7

9.4

3.6 – 27.3

11.2

3.3 – 26

9.1

2.6 – 24

10.5

Pb [μg/L]

0.37 – 3.16

1.155

2.35 – 52.1

8.38

1.91 – 18

6.25

1.9 – 24

4.91

Cd [μg/L]

0.05 – 0.31

0.095

0.06 – 0.5

0.13

0.05 – 0.29

0.15

0.06 – 0.55

0.16

Zn [μg/L]

7.6 – 72.4

21

4.5 – 58

13.1

5.8 – 36

11

5 – 41

12.15

1.3.4.1

Winter (Dec – Mar) Effluent Water Quality

There were only 6, 4 and 7 water quality samples taken from IX-2, IX-3 and IX-4, respectively, during the winter
months. The winter EMCs’ sample size was not large enough to determine if the means of the winter EMCs differ
significantly from the Apr – Nov EMCs; only the medians of the EMCs were comparable. No significant differences
were observed between the winter months’ median EMCs and the Apr – Nov months’ median EMCs for TSS, TP,
TKN, NO3/2 and NH3/4. Khan et al. (2012b), in their observation of EMCs and loads of TSS, biochemical oxygen
demand (BOD) and TP in Calgary, AB, also concluded that cold climate conditions did not significantly impact
bioretention’s water quality performance.
The winter months’ EMCs of metals from IX-3 and IX-4 were higher compared to the remaining months’. IX-3
had relatively higher median EMCs for Cu (16.0 μg/L), Pb (12.4 μg/L) and Zn (25.0 μg/L) during the winter months.
IX-4 had relatively higher median EMCS for Fe (409 μg/L), Cu (17.3 μg/L), Pb (12.0 μg/L) and Zn (26.5 μg/L) during
the winter months. Søberg et al. (2017) evaluated the impact of low temperatures, salt and presence of a submerged
zone on bioretention’s metal removal capabilities and determined that the application of salt resulted in a relatively
higher effluent concentration of metals. During the winter months of the monitoring period, salt was regularly applied
on the parking stalls which drained to the bioretention cells, explaining the relatively higher EMCs of metals from
bioretention.

1.4 Conclusion
The undersized bioretention achieved a volume reduction of 75%, compared to 98% and 87% for the other two
cells, for events up to 25 mm. The peak flow reductions were not affected due to undersizing, however, and were
comparable between all three cells. The removal efficiency of concentrations of constituents between the three systems
was mixed. The volume reduction offered by the bioretention however provided a significant removal of constituent
loads compared to the control site. The volume retention achieved by the bioretention systems indicates good
performance relative to water balance and surface water quality objectives.
Hydrologic performance during the colder, winter months was comparable to the rest of the months. The highest
reduction in volume retention between the winter months and the remaining months was 10%. No significant
differences were observed between the winter months’ EMCs and the remaining months’ EMCs for TSS, TP, TKN,
NO3/2 and NH3/4. The winter months’ EMCs of metals were slightly higher however. Salt application on the drainage
area is speculated to be the cause of this. The results suggest that bioretention is a suitable stormwater treatment
alternative in areas experiencing winter conditions.
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2. PERMEABLE INTERLOCKING CONCRETE PAVEMENTS (PICP)
TO ACHIEVE MULTIPLE STORMWATER MANAGEMENT
OBJECTIVES FOR A COMMERCIAL PARKING LOT
Andrea Bradford, Akul Bhatt
School of Engineering, University of Guelph. Guelph, Ontario, Canada.
[Abstract] A parking lot at the IMAX headquarters in Ontario, Canada was retrofitted with green infrastructure and
the site was instrumented for long-term performance monitoring. The retrofit included three permeable interlocking
concrete pavement (PICP) systems. Two of these systems used 20 mm clear stone within the base layer while the third
PICP system utilized granular ‘O’. One of the PICP systems with the clear stone also had an impermeable geosynthetic
clay liner (GCL). Outflows have been monitored continuously during the warm season (April through November) for
three years (2014 – 2016) and effluent water quality has been characterized. For events up to 25 mm (90% of all the
sampled events), 62% – 99% volume reduction was achieved. High volume retention was achieved even for the system
with the impermeable liner. Volume reductions during the winter months (December through March) are on par with
the Apr – Nov volume reductions. For events greater than 25 mm which occurred during the study period, the median
peak flow reductions ranged from 70 – 82% for the PICP systems. The performance of the system with the lowest
volume and peak flow reductions is underestimated due to subsurface inflow along one side of the site which was not
measured. Event mean concentrations for most water quality parameters are similar in each of the PICP effluents.
They were also comparable to the EMCs measured in samples of runoff from a conventional asphalt area on site,
although this area included only lesser used parking stalls and likely experienced less contaminant build up. Even
without concentration reductions, the good volume retention results in substantial mass load reductions. The results
suggest good performance of these systems relative groundwater recharge, water quality and erosion control objectives
important to protect stream water quality and habitat. Further work is needed to understand the fate of stormwater
contaminants and implications for groundwater quality.
Keywords: stormwater management; urban drainage; low-impact-development; permeable pavement; PICP; green
infrastructure; volume retention; stormwater pollutants

2.1 Introduction
The hydrologic and water quality characteristics of stormwater runoff are modified due to increased impervious
cover as urban areas develop. The water storage and evapotranspirative capacity of the land is reduced as vegetation
and soils are replaced with impervious surfaces. Shallow, subsurface flows are replaced with overland flows which
occur along rapid flow paths created by pavements and sewers. The magnitude, timing, frequency, duration and rates
of change of flows in urban streams are altered as a result of these changes in combination with other urban activities
(Burns et al., 2012; Hamel et al., 2013; Walsh et al., 2005). In addition, pollutants that accumulate on urban surfaces
from vehicular and industrial emissions, tire and pavement wear, spills and leaks, and other urban sources, are
transported to streams by stormwater runoff. Patterns of urbanization and stormwater infrastructure have intense
effects on the thermal regimes of streams (Somers et al., 2013). Contamination and alterations to hydrologic, thermal
and nutrient regimes result in increased flood losses, degradation of habitat, and loss of beneficial uses.
There is growing recognition that management of stormwater in an urban catchment should prevent alterations to
the flow regime of urban streams and if possible, restore characteristics of the pre-development flow regime. The best
outcomes can be achieved when this is integrated with management of other urban water systems. While the watershed
is an appropriate scale for modelling and management, design criteria for stormwater management systems that can
be applied at a site scale are needed (Hamel et al., 2013). Targets for a rainfall depth to be captured and treated and
for a rainfall depth to be retained (through infiltration, evapotranspiration or use that removes it from the local water
balance) or infiltrated are used. Such targets are often quantified based on long-term average annual water balance
information. They are useful for achieving stormwater management objectives such as maintaining groundwater
recharge and baseflow, controlling stream erosion and protecting water quality. Runoff volume reduction also
contributes to achieving flood control objectives but additional design criteria are introduced to manage larger,
infrequent events.
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2.1.1
Green Infrastructure and Permeable Pavement Systems
Green infrastructure (GI) mitigates effects of urbanization on the hydrologic cycle and receiving waters. It includes
measures such as permeable pavement systems (PPS), green roofs, bioretention and bioswales. These controls capture
and store stormwater runoff providing opportunity for treatment, retention and detention. PPS can be designed with
different surface layers – permeable interlocking concrete pavers (PICP), pervious concrete, porous asphalt, concrete
or plastic grid pavers – but all types include an aggregate base that provides both structural support and water storage.
PPS receive direct rainfall and may also receive runoff from adjacent impervious areas. High surface infiltration
capacity ensures that most of this rain and runoff passes through the surface layer into the aggregate reservoir. Lack
of vegetation and small field capacity limit evapotranspiration from PPS (Brown and Borst, 2015a). However, in many
applications, infiltration into underlying native soils can be promoted and even where underdrains are required, it is
often possible to design systems for partial infiltration (Winston et al., 2016).
During larger events, the ability of PPS to reduce runoff volume, and delay outflow, reduces pressure on downstream
infrastructure. Benefits can include less frequent surcharging of stormwater conveyance systems and releases of
untreated wastewater and stormwater from combined sewers (Alyaseri and Zhou, 2016). Runoff volume reduction
reduces the frequency and duration of flows responsible for erosion and habitat degradation in streams. It contributes
to mass load reduction and water quality protection. The infiltration to underlying soils achieved by GI can contribute
to groundwater recharge and maintenance of stream baseflow and thermal regimes although matching flow timing
remains particularly challenging (Hamel et al. 2013).
PPS are multi-functional. The dual traffic and stormwater management function make PPS an important form of GI
in commercial areas where parking accounts for a large proportion of impervious surfaces. Cool pavements and
permeable pavement systems that support urban trees are among the green infrastructure strategies that may help to
mitigate urban heat island effects (Larsen, 2015). A growing body of literature describes the results of research on the
effectiveness of different types and designs of PPS (Bean et al., 2007; Brown and Borst, 2015b; Collins et al., 2008;
Drake et al., 2014a). Recent research also addresses questions related to performance at locations with relatively low
permeability soils and /or cold climates (Drake et al., 2014a; Fassman and Blackbourn, 2010a; Huang et al., 2016;
Winston et al., 2016). It tackles challenges associated with maintenance, especially with respect to surface infiltration
capacity (Al-Rubaei et al., 2013; Drake and Bradford, 2013; Kumar et al., 2016). Life cycle assessment (LCA) of GI
currently focuses on the construction, operation and decommissioning of GI and includes only a preliminary
assessment of the impacts of maintenance due to lack of relevant information regarding typical maintenance practices
(Andrew and Vesely, 2008; Flynn and Traver, 2013; Hengen et al., 2016; O’Sullivan et al., 2015). Weiss et al. (2017)
provide a recent review of research on PPS including both structural and hydrologic perspectives. Opportunities exist
to advance PPS design to achieve multiple objectives in different settings, to improve treatment and reduce infiltrate
and effluent concentrations of ecologically important water quality parameters, and to advance life cycle assessment
of these systems.
The IMAX study is part of a larger program intended to answer key questions related to green infrastructure and
support much more widespread implementation of the approach (CVC, 2012). The program demonstrates the ability
of different types of GI and alternative designs of these systems to meet flood control, erosion control, water quality,
groundwater recharge and habitat protection requirements. It also provides a comparison of long-term maintenance
needs and performance between systems, thereby improving the capacity for LCA of GI to include comprehensive
assessment of maintenance practices. This paper presents the hydrologic and water quality performance of three PICP
systems for a three-year period, focusing on the warm season. The systems are located within an actively used parking
lot which was designed for green infrastructure research. Three permeable pavement variants are monitored for
hydrologic response to events, runoff volume reduction, peak flow reduction and effluent water quality.
2.1.2
Site Description
The research site is located at IMAX’s Canadian headquarters in Mississauga, Ontario. This location is in the
headwaters of the Sheridan Creek Subwatershed, a 1035 ha, fully urbanized watershed in the Greater Toronto Area
(GTA). Sheridan Creek has experienced channel erosion and water quality degradation. It discharges to Rattray Marsh,
an important coastal wetland along Lake Ontario.
An upgrade and expansion of IMAX’s parking lot presented an opportunity to retrofit the site with green
infrastructure. Funding from the Province of Ontario and contributions from numerous project partners made it
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possible to add the necessary infrastructure for long-term performance monitoring of the green infrastructure.
Construction was completed in Fall 2013.
The drainage area of the site is 1.0 ha (9978 m2) based on a post-construction survey. Runoff from traditional
asphalt on the southern portion of the parking lot and entrance driveway is directed to bioretention areas. Permeable
pavement, incorporated in the northern portion of the parking lot, manages direct rainfall. This paper focuses on the
performance of the permeable pavement.
2.1.3
Permeable Pavement Systems
The parking lot site consists of seven distinct areas: three PPS in the northern portion of the lot (IX-5, IX-6 and
IX-7), three bioretention cells in the southern lot (IX-2, IX-3 and IX-4), and a 331 m2 traditional asphalt control area
(IX-1) located in the eastern portion of the lot. This paper focuses on the three PPS, whose characteristics are
summarized in Table 2.1.1. The permeable pavements are hydraulically separated from each other with impermeable
barriers. All three systems have the same 80 mm thick permeable pavers (Eco-OptilocTM by Unilock) and a 50 mm
bedding layer of ASTM No.8 (5-7 mm ø, angular chip stone). However, IX-5’s storage layer is comprised of granular
‘O’ aggregate, a locally-available aggregate, which requires less depth to meet structural requirements. IX-6 and IX7’s storage layer is comprised of 20 mm diameter clear stone, more commonly used in PPS due to its large void space
that provides additional storage for infiltrating stormwater and lack of fines to minimize subsurface clogging. Figure
2.1.1 shows the grain size distribution of each aggregate type as specified by Ontario Provincial Standards (OPS,
2013, 2012). Granular ‘O’ has a higher proportion of larger-sized as well as smaller-sized particles compared to the
20 mm clear stone aggregate.
The IX-7 site also includes an impermeable geosynthetic clay liner (GCL) below the base. The lined system was
included to evaluate the potential of permeable pavements to provide some of the benefits of LID without posing a
risk to groundwater quality in groundwater sensitive areas. Underdrains were considered necessary due to the low
hydraulic conductivity of the native soil comprised of silty clay till. The underdrain systems are equipped with valves
for research purposes; however, the systems have not been tested with restricted outflow to date. Surface infiltration
rates have been measured and remain high. Runoff from the PICP surfaces have never been observed. Surface cleaning
of the permeable pavement was not performed during the monitoring period.
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Figure 2.1.1.Aggregate size distribution of Granular ‘O’ and 20 mm (3/4”) clear stone
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Table 2.1.1. PICP system details

PICP System
Description
Drainage Area
[m2]
Surface Area [m2]
Depth of Top
Layer
Depth of Bedding
Layer
Depth of Base
(Storage) Layer
[mm]
Underdrain
Details

Area 5 – IX-5

Area 6 – IX-6

Area 7 – IX-7

Permeable Pavement with
Granular “O” aggregate.

Permeable Pavement
20 mm clear stone
aggregate.

Permeable Pavement
with 20 mm clear stone
aggregate, lined with a
geosynthetic clay liner
(GCL).

1862

1311

420

1862

1302
80 mm Paver (Eco-Optiloc

419
TM

by Unilock)

50 mm bedding layer of ASTM No.8 (5-7 mm ø, angular chip stone)
350

500

500

200 mm perforated HDPE
main collection pipe 25
mm above base; 150 mm
perforated HDPE laterals
25 mm above base

200 mm perforated
HDPE main
collection pipe 25
mm above base

200 mm perforated
HDPE main collection
pipe 25 mm above base

2.2 Methodology
2.2.1
Monitoring Infrastructure and Data Collection
Each PICP system has an associated manhole equipped with a custom V-notch weir, flow logger and automated
sampler. A manhole downstream of the traditional asphalt control area was similarly equipped (IX-1). The collection
pipes and manhole for the control had problems with leaks which were not fully resolved. Thus, the flow data for the
control is not used in the analysis. The post-construction drainage area for the control was also smaller than designed
and primarily included little utilized parking stalls. The PICP drainage areas likely received additional loading of
contaminants on driving lanes and more frequently used stalls.
The monitoring equipment used is listed in Table 2.2.1. Precipitation was monitored on site and recorded at 5
minute intervals, providing both the amount of precipitation and its distribution during events. A rain gauge located
just over 1 km from the IMAX property was used for quality assurance and to fill occasional data gaps. The inflows
into the three permeable pavement systems were modeled, but nearly all the rainfall became inflow. Discharge rates
from the PICP sites were logged at 10 min intervals. Outflow from the PICP systems triggered automated samplers.
All bottles were filled, provided there was sufficient runoff, and used to generate a flow-weighted composite sample.
Samples were not included in the analysis if less than 80% of the event was captured. Table 1.2.2 (Ch.1) summarizes
the analytical methods and detection limits for selected water quality parameters. Groundwater levels were monitored
at four locations below and adjacent to the parking lot and logged at 30 min intervals. Samples were collected for
analysis twice per year. Water levels within the base layer of the PICP systems are not available. Refer to CVC (2016)
for more detailed sampling and analysis protocols.
Cold-season outflow data was not available for two of the PICP systems (IX-5 and IX-6) since level loggers were
removed to prevent damage due to freezing. This paper focuses on the warm season (April through November) so
periods of snow accumulation and melt do not affect the hydrologic performance reported. The hydrologic and water
quality performance of the PICP system for which winter data was available (IX-7) is compared to its performance
during the warm seasons. The analysis presented in this paper is based on data collected during 2014, 2015 and 2016.
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Table 2.2.1. Monitoring equipment details.
Measurement Type

Equipment

Rainfall Depth and
Intensity

Hydrological Services TB3
Rain Gauge (Heated)
Custom V-notch Weir &
ISCO Model 4150 Level
and Flow Logger

Flow

Sampling
Frequency
5 min
10 min

Water Quality Samples

ISCO Model 6712
Automatic Sampler

When triggered,
500 mL sample
every hour for 48
hours

Groundwater Levels

HOBO Model U20 level
loggers

30 min

2.2.2
Data Analysis
Precipitation events were defined as periods of precipitation with a depth of 2 mm or greater. The established
protocol was to separate events based on a minimum of 6 hours with no rainfall and no outflow. Due to different
storage capacities and behaviour of the PICP systems, outflow responses varied. In some cases, separate rain events
produced a single outflow event (particularly for IX-5). To allow direct comparisons between systems for particular
events and to appropriately assign performance to the correct rainfall magnitude range, outflow hydrographs were
separated. In most cases, separation was based on the cessation of outflow (albeit for less than 6 hours).
The hydrologic analysis included 93, 121 and 119 events for IX-5, 6 and 7, respectively. The different number of
events was due to occasional problems with sensors or power which resulted in unreliable or missing data. The analysis
includes comparison of the hydrologic responses of the PICP systems. Volume reductions for different event
magnitude ranges are summarized and peak flow reductions for events 25 mm and larger are provided.
The number of composite samples included in the analyses of effluent concentrations for IX-5 and IX-7, were 25
and 29, respectively. There were only 11 samples for IX-6 due to the infrequency of outflow from this system. For
this paper, effluent concentrations are compared to the quality of the runoff from the control area. Twenty six
composite samples were included in the characterization of IX-1 quality. Comparisons of means are made using the
parametric Welch’s t-test, and comparisons of medians are made using the non-parametric Mann-Whitney (Wilcoxon
rank sum) test; both using a confidence interval of 95% (α = 0.05). The sample size requirement of both the tests is
satisfied by all the sample. The parametric method is chosen due to its high statistical power and the lack of equal
variances among samples. The non-parametric method is chosen because the spread of the data and presence of outliers
in the upper bound suggests that median might be a better estimate of the data’s central tendency. The null hypothesis
of both the tests is that no significant difference between the PPS samples’ EMCs exists. The null hypothesis is rejected
(i.e. differences in EMCs or loads between the PPS are deemed significant) when the p-value is less than α = 0.05.
As noted above, the control area may be subject to less pollutant loading than the PICP systems. The technical
report for the IMAX site provides an alternative comparison to average stormwater runoff quality for industrial and
commercial land uses based on the National Stormwater Quality Database (CVC, 2016).

2.3 Results and Discussion
2.3.1
Precipitation
Precipitation measured on-site during the study was used in the analysis of the performance of the PICP systems.
However, when interpreting results, it is valuable to understand whether the precipitation during the study period was
typical. Long-term (30-year) records were available for the Oakville WPCP and Toronto Pearson meteorological
stations which are 4 km and 18 km from the study site, respectively. The April to November precipitation measured
at the study site in 2014, 2015 and 2016 were compared to the long-term averages (using data from 1981-2010) at the
Oakville and Toronto Pearson stations. The cumulative precipitation at the study site between April and November
was typical for 2014 and 2015 (i.e. within 5% of the 30-year averages). In contrast, the 2016 warm season was drier
than normal (28% lower precipitation compared to the long-term average).
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The frequency of events of various sizes during the monitoring period at IMAX, shown in Figure 2.3.1, were
similar to the long-term regional frequency of occurrence. Events less than 25 mm made up about 90% of all
precipitation events which compared well with the long-term average for the region. However, these events only
contributed 65% of the total precipitation during the period. The occurrence of several large events during the study
period provided the opportunity to assess the response of the green infrastructure to more infrequent storms (> 25
mm).
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Figure 2.3.1.Distribution of precipitation during the study period (beginning of April to end of November from the
years 2014 to 2016). The values above the bars outside and inside the brackets represent the percentage of events
and the cumulative volume within the specified range, respectively
2.3.2

Hydrology

2.3.2.1

Transient Response

Hydrographs of IX-5, IX-6 and IX-7 for a 7 hour, 22.6 mm event and a 4 hour, 40.6 mm event are shown in Figure
2.3.2 and Figure 2.3.3, respectively, in order to observe and compare the hydrological response of the PICP systems.
An impervious surface’s hydrograph is modelled using the Simple Method (Schueler, 1987) and included for
comparison. The outflow hydrographs for IX-5 and IX-7 rose together and had similar shapes, although IX-5 had a
higher peak outflow (40% and 65% higher for the 22.6 mm and the 40.6 mm event, respectively) and a larger outflow
volume (per unit area). Outflow from IX-6 did occur during the 40.6 mm event but it was delayed by an additional
30 minutes compared to IX-5 and IX-7. The antecedent conditions for both events were dry, with at least 5 days with
no precipitation prior to the events.
The relative hydrologic responses of the PICP systems were not as expected. The aggregate used in the base layer
of IX-5 included a range of sizes whereas clear stone was used in the base layer of IX-7. IX-7 was also constructed
with an impermeable liner. The smaller grain sizes within the base of IX-5 were expected to increase, modestly, the
amount of water held within the gravel via cohesion and adhesion, with the potential for evapotranspiration of this
retained volume. Low retention of inflow to IX-7 was expected due to the impermeable liner. Further exploration
revealed that while hydraulic barriers were installed between the PICP systems, the site was constructed with no
barrier to subsurface inflow from adjacent lands along the western edge of IX-5. Subsurface inflow also explains the
much longer hydrograph tail which was characteristic of the outflow from IX-5. The lower than expected outflow
from IX-7 may be, at least partly, attributed to the retention of water via hydration or rewetting of the geosynthetic
clay liner (Beddoe et al., 2011).
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The delayed outflow from IX-6 could be related to the underdrain design. IX-5, with aggregate ‘O’ was required
to have lateral drains, whereas IX-6 only has one main perforated collection pipe. Thus, a longer flow path could
explain the slower response. The infrequent outflow from IX-6 suggests that storage below the drain must fill before
outflow is initiated in this system.
In general, the PICPs responded to events with a delayed, gradual rise and recession, and their peaks were highly
attenuated (65% - 80% attenuation) compared to the modelled, impervious surface. This characteristic response is
similar to that observed in other studies of PPS (Collins et al., 2008; Drake et al., 2014a; Fassman and Blackbourn,
2010b). It suggests that permeable pavements, if applied on a watershed scale, can help to restore the pre-development
hydrologic response for an urban area and contribute to achieving more natural flow regimes in receiving waters.
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2.3.2.2

Volume Reduction

Figure 2.3.4 presents the outflows normalized by the inflows (i.e. the proportion of precipitation that gets
discharged) for different ranges of event magnitudes. Across all the event size categories, IX-6 had the lowest outflows
(6%), followed closely by IX-7 (11%), with its impermeable liner. IX-5 had the highest outflows (51%) among the
PICP systems but as noted previously, these outflows are believed to include unmeasured subsurface inflows.
Because events ≤ 25 mm in magnitude occur much more frequently (90% of all events during the study period)
and contribute a large proportion of the annual precipitation (65% of the cumulative volume during the study period),
their management is particularly important for water balance and recharge objectives. Events in this size range are
also responsible for transporting a large proportion of the annual contaminant mass delivered to receiving waters. The
inset of Figure 4 highlights the percent volume reduction achieved for events ≤ 25 mm; IX-5, IX-6 and IX-7, reduced
runoff volumes by 62%, 99% and 95%, respectively. The high volume retention achieved by PICPs indicates good
performance relative to water balance and water quality objectives. These results were achieved without restricting
flow from any of the underdrains.
The results show that runoff can even be eliminated for the smallest event size classes. IX-6 did not produce any
outflows for events ≤ 15 mm and in fact, did not produce any runoff for 87% of all the events. Other permeable
pavement studies have also observed no outflows during smaller events (Bean et al., 2007; Collins et al., 2008; Drake
et al., 2014a). Aquatic biota can be affected by the disturbances caused by frequent flow increases so using PPS to
restore the pre-development frequency of runoff can have ecological benefits (Walsh et al., 2005). Although the
percent volume reduction declines for larger event size categories, the volumes retained do contribute to the
management of runoff from the larger, less frequent storms (> 25 mm).
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Figure 2.3.4. Runoff (outflow) volumes of IX-5, IX-6 and IX-7, normalized by their respective inflow volumes and
distributed by precipitation event size during the months of Apr – Nov. The value above the bars represents the
percentage of volume reduction achieved by each system in the specified event bin
2.3.2.3

Peak Flow Reduction

For events > 25 mm, peak flow reductions become important. The median peak flow reductions of IX-5, IX-6 and
IX-7, for the events in this size range that occurred during the study period, were 70%, 82% and 82%, respectively.
For most of the events summarized in Table 2.3.1, the antecedent conditions were dry with at least 3 days since any
rainfall, and in many cases more than 5 antecedent dry days. The site did receive 13 mm of rainfall 3 days prior to the
October 28, 2015; wetter antecedent conditions may explain the relatively poorer performance for this event since
peak and average intensities were moderate. Peak flow reductions have been reported in other PPS studies although
care should be taken in making comparisons since median values may be for events across all size ranges and not just
larger events. Nevertheless, the peak flow reductions observed are comparable to Collins et al. (2008)’s (median
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~71%), Fassman and Blackbourn (2010a)’s (82% for a 63.6 mm event), and Fassman and Blackbourn (2010b)’s
(median ~92%).
Peak flow reductions are the result of the retention and detention provided by the PICP systems. With an
appropriate scale of implementation, the results suggest that PPS can help to prevent surcharging of downstream storm
sewers and reduce urban and watercourse flooding.
Table 2.3.1. Summary of peak flow reductions for selected events >25 mm.
Date

Precipitation
Depth [mm]

Peak Precipitation
Intensity [mm/hr]

27-Jul-2014
11-Aug-2014
05-Sep-2014
30-May-2015
27-Jun-2015
29-Sep-2015
28-Oct-2015
29-Sep-2016

66
26.6
36.8
58.8
64.2
41
59.6
27.6

42
25.2
24
56.4
14.4
40.8
13.2
22.8

Peak Flow Reduction
IX-5
IX-6
IX-7
63.9%
61.8%
71.3%
68.4%
95.6%
76.9%
78.2%
88.3%
86.2%
83.3%
93.0%
82.8%
70.0%
82.1%
91.2%
76.0%
81.7%
84.4%
38.5%
81.4%
66.4%
76.5%
89.4%
80.2%

02-Nov-2016

30

15.6

59.0%

74.8%

81.7%

68.2%
70.0%

83.1%
82.1%

80.1%
81.7%

Average
Median

2.3.3
Effluent Water Quality
Contaminant removal mechanisms in permeable pavements systems include sedimentation and filtration, sorption,
and biologically mediated degradation and transformation. Table 2.3.2 summarizes the range and median effluent
event mean concentrations (EMCs) for selected parameters. EMCs for runoff from traditional asphalt in the IX-1
control area are also provided. Although this control area is likely subject to less loading than other areas of the IMAX
parking lot, it is the only site-specific data available to compare to effluent concentrations. Differences in EMCs are
deemed significant when p-value is less than α = 0.05.
IX-7 had the highest mean and median EMC of TSS among the PICP systems, and it exceeded the EMC of TSS
from the asphalt control. Winston et al. (2016) found TSS EMCs to be higher in PICP effluent than asphalt runoff.
The PICP systems in that study were constructed with no geotextile separating the aggregate from the underlying soil
and the evidence suggested that soil particles originating from the subgrade became entrained in the effluent. At
IMAX, the higher TSS concentrations in the effluent from IX-7 could be related to its distinct design with the GCL at
the base of the system. The range and median EMC for IX-6 were comparable to those reported for a similar PICP
installation at the Kortright Centre in the Greater Toronto Area (GTA) (Drake et al., 2014b). The TSS effluent
concentrations from IX-5, which used Granular ‘O’ with a range of aggregate sizes, fell between those of IX-6 and
IX-7.
EMC mean and median values of TP were comparable between the three PICP systems at IMAX and with the
PICP systems studied by Drake et al. (2014b) and Winston et al. (2016). They were slightly lower than the effluent
concentrations from the PICP cells at the U.S. EPA`s Edison Environmental Centre research site (Brown and Borst,
2015b). The asphalt control site’s median EMC of TP was slightly higher (p-value = 0.047) than IX-5’s, but
comparable to the remaining PPS. Winston et al. (2016) also observed no difference between the EMCs of TP between
an asphalt and two PICP systems.
Nitrogen in the form of nitrate and nitrite (NO2,3) was similar between the PICP systems at IMAX and comparable
to the effluent concentrations reported for PICP cells at the Edison site (Brown and Borst, 2015b). The control site’s
mean and median EMC of NO2,3 was lower however compared to all three PICP systems. The EMCs of TKN (organic
nitrogen + ammonia) were also comparable between the PICP systems. The control site’s mean and median EMC of
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TKN was also higher compared to IX-5 and IX-6. The PICP effluent concentrations of TKN at IMAX were higher
than those found at the Kortright Centre by Drake et al. (2014b), despite higher influent concentrations of TKN at the
Kortright Centre. Lower influent and effluent concentrations of TKN were reported for PICP systems at the Edison
site (Brown and Borst, 2015b). A comparison of EMCs of NH3 exposes a trend similar to that of TKN: IX-1 (control
site)’s mean and median EMC of NH3 was higher compared to IX-5 and IX-6, but comparable to IX-7.
Similar to the findings of Brown and Borst (2015b), total nitrogen (TN) concentrations in the PICP effluent were
not lower than TN concentrations in the asphalt runoff at IMAX. Brown and Borst (2015b) attributed the TN reduction
observed at the Kortright Centre, which has trees adjacent to the permeable pavements, to filtration of organic nitrogen
attached to suspended solids. Reduced concentrations of TN were not expected at IMAX; the site does not have much
vegetation adjacent the permeable pavement nor conditions which would promote denitrification. Slighter higher
NO2,3 concentrations and slightly lower TKN concentrations in the PICP effluent relative to the asphalt runoff, provide
some evidence that nitrification is occurring within the IMAX systems. During 2014, the first year after construction,
pH levels in the effluent from IX-7 were high (8.5 – 12) compared to other systems and compared to most sampling
dates for IX-7 in subsequent years. Concentrations of TKN in the effluent from IX-7 were high during this same
period, suggesting that the high pH may have hindered growth of nitrifying bacteria, which have an optimal growth
range at pH between 7.6 and 8.8 (Brown and Borst, 2015b).
The trend in the EMCs of metals between the PICP systems and the conventional asphalt was not consistent
between all the metals. No differences were observed between the EMCs of Fe, Cu and Zn between the PICP systems
as well as the conventional asphalt. Though for Cu, the asphalt lot’s mean and median EMCs were higher than IX6’s. These results resemble Murphy et al. (2015)’s, who observed little to no retention of Cu and Zn from a permeable
asphalt pavement infiltrate, but differ from Fassman and Blackbourn (2010a) and Drake et al. (2014b), who observed
lower median Zn, Cu and Fe EMCs in PICP compared to asphalt. The findings at IMAX may be the result of the low
traffic on the control area and thus low loading of these metals on the control area. However, the effluent
concentrations of Fe, Zn and Cu are a little higher at the IMAX site compared to the Kortright site so it is also possible
that the materials used in the construction of the PICP systems are a source. There do not, however, appear to be
differences associated with the different PCIP designs and construction materials. The mean and median EMCs of Pb
were the highest in IX-7, followed by IX-6, IX-5 and the asphalt lot. For Cd, the median EMCs between the three
PICP sites were comparable, though the mean EMCs of IX-5 and IX-7 were higher than IX-6’s. The mean and median
EMCs of Cd from the asphalt control site were lower than IX-5 and IX-7, but comparable to IX-6. These results
demonstrate that PICP are inconsistent in reducing metals’ EMCs. The reduction of metals’ EMCs observed by other
studies also differs, ranging from well (Drake et al., 2014b) to poor (Sounthararajah et al., 2017).
Despite the finding that PICP effluent concentrations for many of the constituents are not reduced substantially
compared to the runoff from the control site, good mass load reductions are still achieved because of the runoff volume
reduction achieved by the PICP systems (62% – 99% for events up to 25 mm). This contrasts with conventional endof-pipe practices such as wet ponds that do not provide substantial volume reduction and therefore depend upon
concentration reductions to achieve mass load reductions. The proportions of various contaminants sequestered within
the PICP systems and leaving the systems via infiltrate were not determined in this study.
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Table 2.3.2. Summary of effluent EMCs of selected constituents during the months of Apr – Nov

Parameter
[units]
TSS
[mg/L]
TP [mg/L]
TKN
[mg/L]
NO3+NO2
[mg/L]
NH3
[mg/L]
Fe [μg/L]

IX-1
Range
Median
Effluent
Effluent
EMC
EMC

IX-5

IX-6

IX-7

Range
Effluent
EMC

Median
Effluent
EMC

Range
Effluent
EMC

Median
Effluent
EMC

Range
Effluent
EMC

Median
Effluent
EMC

5 - 93

17.5

1 - 59

18

4 - 31

14

8 - 300

31

0.026 - 0.17

0.059

0.005 - 0.3

0.035

0.009 - 0.14

0.052

0.017 - 0.13

0.048

0.1 - 3.4

0.565

0.05 - 8.3

0.265

0.13 - 0.74

0.28

0.05 - 9

0.64

0.05 - 0.91

0.25

0.32 - 1.65

0.64

0.3 - 1.14

0.66

0.13 - 1.03

0.71

0.04 - 0.93

0.23

0.005 - 0.94

0.04

0.01 - 0.19

0.04

0.005 - 4.6

0.2

74 - 881

236

26 - 6100

379

46 - 1080

168

97 - 1300

346

Cu [μg/L]

4.1 - 25.7

9.4

3 - 26

8

3.8 - 9.5

7

3.1 - 40

9

Pb [μg/L]

0.37 - 3.16

1.155

0.85 - 9.7

3.175

3.6 - 10.6

6.56

3.83 - 25.5

8.3

Cd [μg/L]

0.05 - 0.31

0.095

0.05 - 1.1

0.2

0.07 - 0.27

0.11

0.05 - 0.9

0.18

Zn [μg/L]

7.6 - 72.4

21

12.5 - 189

28.1

18 - 55

26.8

12.5 - 54

27.4

2.3.4
Groundwater
Prior to construction, groundwater elevations were determined to be 2.7 to 3.5 m below ground, with higher
elevations at the western edge of the parking lot. Groundwater levels during the study period were comparable to the
levels reported prior to construction. Higher groundwater levels were measured in the spring and responses to large
rainfall events were detected (e.g. below the northwest corner of the permeable pavement parking area). The slight
mounding, which occurs in response to some events, dissipates rapidly.
Groundwater was sampled once in 2012, prior to construction, and twice per year after construction. The water
chemistry at an upgradient well is distinct. At this location, the groundwater has much lower electrical conductivity
and lower concentrations of many major cations, including Mg2+, Ca2+ and Na+, and anions including SO42- and Cl-.
At two other sampling locations, a higher electrical conductivity and a higher concentration of some of the major ions
were observed after construction. This may be due to the interaction of rainwater with the aggregate materials used in
the construction. Salt applied on the parking area for winter maintenance may be contributing to increased
concentrations of Na+ and Cl-. The groundwater level and water quality results do suggest that water retained by the
green infrastructure systems at IMAX is infiltrating and reaching the groundwater table despite the low hydraulic
conductivity of native soils at the site. It is not possible to separate the effects of the different GI systems on the
underlying groundwater nor confirm that the PPS with the impermeable liner was successful in preventing impacts to
groundwater quality.
2.3.5
Winter (Dec – Mar) Performance
Winter (December to March) hydrologic and water quality data was available for IX-7 only. A total of 57 winter
events were observed throughout the monitoring period, 4 of which were sampled to observe and compare the water
quality performance during the winter months to the remaining months’. No record of snow accumulation depth was
kept. However, some outflow events with no inflow during dry periods were recorded due to the melting of
accumulated snow, signifying that snow melt formed a fraction of the outflow during events.
From all the recorded events, IX-7 achieved a cumulative volume reduction of 97% and 87% for events up to and
greater than 25 mm, respectively. The volume reduction during the winter months was 2.1% and 10.1% greater than
the volume reduction for events up to and greater than 25 mm during the remaining months, respectively. Although
snow removal via ploughing was not rigorously documented in this study, these observations resembles the
conclusions of other studies assessing performance of PPS in cold climates. Huang et al. (2016) observed no ponding
from a PICP test site in Calgary, AB, during a 1:100-year storm in the winter and concluded that PICPs are effective
in mitigating runoff under cold climate conditions. Roseen et al. (2012) determined that the hydrologic performance
of PPS in coastal New Hampshire did not change during the winter (Nov – Apr) months. Though Drake et al. (2014a)
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observed increases in outflow from PPS during late winter (March), the outflow was attributed to seasonal thawing
(snowmelt), and they concluded that partial-infiltration PPS were suitable for volume reduction in cold climates. The
permeability of PPS is also not affected by winter maintenance (Henderson and Tighe, 2012), making PPS
implementation ideal for meeting water balance objectives in cold climate.
Since there were only four winter water quality samples available for analysis, each sample value for each
constituent was compared to its respective median during the remaining months (Table 2.3.2). The comparison was
performed using a 1-sample sign test (α = 0.05). Generally, the median EMCs of TSS, TP, TKN, NO2/3 and NH3 were
lower during the winter months and only exceeded the Apr – Nov median EMC 2, 2, 1, 2 and 1 times, respectively.
The EMCs of metals were higher however, with the exception of Cu, and the Fe, Pb, Cd and Zn EMCs exceeded the
Apr – Nov medians 3, 3, 4 and 3 times, respectively. The Cu EMCs during the winter were lower compared to the
Apr – Nov median EMC of Cu. Not enough water quality samples are available to determine the relative performance
of PICP during the winter months. But Drake et al. (2014c) (in Vaughn, ON; n = 19), Huang et al. (2016) (Calgary,
AB; n = 20) and Roseen et al. (2012) (New Hampshire; n = 17) determined that cold climates did not deter the PPS’
ability to reduce EMCs of TSS, nutrients and metals, making PPS implementation also ideal for meeting water quality
objectives in cold climates.

2.4 Conclusion
The PICP system with Granular ‘O’ achieved at least 62% volume reduction. There is evidence of subsurface flow
into this system from adjacent lands; with a hydraulic barrier to prevent this inflow, the volume reduction would have
been higher. The system with the Granular ‘O’ had comparable effluent quality to the systems constructed with clear
stone bases. The PICP systems with 20 mm clear stone aggregate achieved more than 95% volume reduction. The
hydrologic performance was achieved without restricting flow from any of the underdrains. The volume retention
achieved by the PICPs indicates good performance relative to water balance and surface water quality objectives. It
was expected that the PICP system with the impermeable liner would provide some benefit through storage and
detention; however, the high retention suggests the potential for even greater benefits. Before applying the approach
in groundwater sensitive areas, additional work is needed to confirm that the mass of contaminants removed from
infiltrating stormwater is sequestered within the PICP system and does not pose a risk to groundwater quality. Winter
hydrologic data also suggests that performance of PPS is not inhibited during the colder months.
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3. COMPARATIVE CRADLE-TO-GRAVE LIFE CYCLE ASSESSMENT
(LCA) OF LOW-IMPACT-DEVELOPMENT (LID) TECHNOLOGIES
Akul Bhatt, Andrea Bradford, Bassim E. Abbassi
School of Engineering, University of Guelph. Guelph, Ontario. Canada.
[Abstract] The positive effects of low impact development (LID) implementation on stormwater runoff quality, flood
prevention potential and preservation of the overall hydrological water balance are well known. However, negative
impacts of the construction of LIDs are not established to the same extent. The cradle-to-grave environmental impacts
of an LID parking lot test-site comprised of three bioretention cells and three permeable pavement systems (PPS) are
weighed against the benefits offered by the LID site in terms of its treatment of stormwater. A comparative cradle-tograve life cycle assessment (LCA) of the LIDs is performed to quantify the environmental costs of the manufacturing,
construction, transportation, operation, maintenance and decommissioning of these LIDs at the site located in
Mississauga, Ontario. The LIDs’ influent and effluent water quality and volume data is used to quantify the
environmental benefits offered by the LIDs. Ecoinvent v3 LCA database is utilized to create an inventory of the
materials and energy used during the life cycle of the LIDs. Influent and effluent water quality and quantity data are
obtained from the on-site monitoring equipment as well as various LID design guides and manuals. Using TRACI 2.1
impact assessment method, an LCA is conducted to simulate impacts on ten midpoint categories using a functional
unit of “drainage area treated by the site”. Impacts of the individual LID systems are compared using a functional unit
of “1 m2 of drainage area treated” as well as “1 m2 of LID footprint”.
It has been found that manufacturing of raw materials has the largest impact (~50%) on ozone depletion, global
warming, smog potential, acidification, carcinogenic emissions, respiratory effects and fossil fuel depletion. The LIDs
offer a significant avoidance of eutrophication potential, non-carcinogenic emissions and ecotoxicity, which are all
mostly associated with the water quality benefits offered by the LIDs. A comparison of the impacts between the LIDs
reveals that the impacts of bioretention per 1 m2 of LID footprint are ~25% higher compared to the PPS’ impacts due
to addition of proprietary technology to two of the bioretention systems. The bioretention impacts are ~90% lower
than the PPS’ on a “per 1 m2 of drainage area” basis due to its larger impervious area treatment relative to its size
compared to the PPS. The benefits offered by bioretention are significantly higher on “per 1 m2 LID area” basis (~12x),
but comparable on “per 1 m2 drainage area” basis. The impacts normalized by per-capita emissions in Canada in the
year 2005 show that the negative impacts of the LIDs are insignificant for all the categories except for carcinogenic
emissions. The benefits provided by the LIDs in avoiding eutrophication, non-carcinogenic emissions and ecotoxicity
are significant however compared to their respective normalized rates. A comparison of the LIDs to a traditional pipeand-pond infrastructure of an equivalent treatment capacity reveals that the cradle-to-grave impacts of LIDs are ~20%
lower compared to the detention pond's, and the benefits accrued by the LIDs are ~300% higher compared to the
detention pond, making a strong case for the selection of LIDs over traditional stormwater management practices.
Keywords: life cycle assessment; green infrastructure; low-impact-development; stormwater management; TRACI;
cradle-to-grave

3.1 Introduction
Rapid urban development increases the amount of impervious surfaces in the form of roads, buildings and parking
lots. Impervious surfaces are an environmental concern not just due to the impacts of their construction, but also due
to the modification of the natural air and water systems of their surroundings. The dominant impervious surfaces found
in urban areas restrict rainwater from infiltrating into the soil, reducing groundwater recharge and creating excess
runoff. Aside from creating a higher flooding and erosion potential, the runoff also accumulates pollutants from urban
surfaces which could contaminate downstream ponds, creeks and streams (Hengen et al., 2016; Jackisch and Weiler,
2017; LeFevre et al., 2015).
Low-impact-development (LID) or green infrastructure (GI) has emerged as a stormwater management (SWM)
approach to imitate predevelopment hydrology. Some common examples of LIDs are bioswales, bioretention cells,
permeable pavement systems (PPS), and infiltration trenches. The primary of these LID systems is to minimize the
negative environmental impacts associated with urban stormwater runoff by storing, treating, infiltrating and
evaporating the rainwater at the source instead of relying on end-of-pipe treatment solutions such as detention ponds
(Drake et al., 2013; Kratky et al., 2017; TRCA and CVC, 2010; Trowsdale and Simcock, 2011; Vijayaraghavan and
Raja, 2014). Many LIDs have a filter media for the influent stormwater, removing solids by mechanical processes,
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and removing metals, nutrients and bacteria through sorption and biochemical processes. Bioretention cells are
designed to treat runoff from a variety of development contexts, from low to high density residential developments to
parking lots, and they provide a convenient area for snow storage and treatment (TRCA and CVC, 2010). Bioswales
are typically placed adjacent to roads and pavements and designed to simultaneously convey and infiltrate the runoff
from the impervious road surfaces. Infiltration trenches are typically designed for treating the runoff form sidewalks
and parking lots, and are ideal for placement in lawns, parks and playing fields. PPS are an alternative to traditional
impervious pavements (roadways, parking lots, sidewalks, etc.), allowing stormwater runoff to be infiltrated through
the surface and provide storage in a stone reservoir, where infiltration into the native soil is often promoted. There are
several studies which have demonstrated a significant improvement in the water quality effluent from LID systems
(Drake et al., 2014a, 2014b; Gnecco et al., 2013; Gülbaz et al., 2015; Li and Davis, 2016; Winston et al., 2016b; Yan
et al., 2016). As a result, many recent residential neighbourhood developments incorporate LIDs in favor of a
traditional detention pond.
3.1.1
Green Infrastructure and Life Cycle Assessment (LCA)
The examination of the benefits of LIDs in terms of their stormwater treatment potential have been comprehensive.
However, the environmental impacts associated with the construction, maintenance and disposal of these treatment
options are not given a rigorous consideration during decision-making regarding their implementation (Brudler et al.,
2016; Kirk et al., 2006). Life Cycle Assessment (LCA) is one tool to quantify these impacts, both positive and
negative, from “cradle-to-grave”, which includes raw material acquisition, manufacturing, transportation, operation,
maintenance, recycling and disposal. Because LCA of green infrastructure has only been partially explored, the
databases typically consulted while conducting LCA do not contain information regarding the construction and
maintenance of green infrastructures, requiring assumptions regarding the appropriateness of “process” 5 selection in
order to obtain the results. Regardless, the few researchers who have attempted to perform an LCA on LIDs have
concluded that they have an advantage over conventional infrastructure in terms of environmental impacts (Brudler et
al., 2016; Carter and Keeler, 2008; Flynn and Traver, 2013; Jeong et al., 2016; Moore and Hunt, 2013; O’Sullivan et
al., 2015; Spatari et al., 2011; Wang et al., 2013).
Flynn (2011) attempted to develop and test a cradle-to-grave LCA methodology for LIDs. The impacts of
manufacturing, construction, maintenance and disposal of a bioretention cell and a green roof were assessed and
weighed against the benefits offered in terms of improved air quality, carbon storage, stormwater management
benefits, and the energy savings from reduced cooling costs during the summer months for the green roof. By assuming
a lifespan of 30 years, the bioretention cell provided net avoided environmental impacts for global warming potential,
carcinogenics, eutrophication and ecotoxicity. The green roof, however, was found to have an adverse impact for all
the environmental impact categories because the impacts created by the construction phase of the green roofs
outweighed all the potential benefits it offered during its operation phase. Flynn and Traver (2013) expanded on the
bioretention results obtained from Flynn (2011). The shrubs and tree species in the bioretention were inventoried, and
their annual carbon storage and sequestration potential was predicted. A 4-year break-even period for global warming
potential was projected as a result of the bioretentions’ carbon storage potential.
Moore and Hunt (2013) conducted an LCA between different types of stormwater control measures including
stormwater wetlands, bioswales, green roofs and PPS, choosing to focus on the carbon footprint. They quantified the
carbon emissions caused by the construction and maintenance of these infrastructures and weighed them against the
potential carbon storage offered due to the carbon sequestration by these infrastructures over a 40-year lifespan. Their
study showed that only stormwater wetlands and bioswales had the potential to store more carbon than what was
released through construction and maintenance. O’Sullivan et al. (2015) modeled the endpoint environmental impacts
of construction, transportation and operation/maintenance of a subsurface sand filter, concrete vortex unit and a
bioretention unit of an equal treatment capacity. Raingarden had the lowest impacts, and the majority of its impacts
were attributed to transportation of voluminous materials. The vortex unit, despite being the lightest and the smallest,
had the highest impacts due to its use of concrete.
Life cycle assessment of alternative uses of LIDs for non-SWM objectives have also been studied. Jeong et al.
(2016) quantified the reduction in non-potable water demand due to implementation of rainwater harvesting and
xeriscaping alongside bioretention and found that a large portion of water demand is satisfied by the rainwater
collected by the LIDs, especially for low-density residential zones, while having a lower impact compared to a
5

A “process” in a LCA is a compiled inventory of inputs and outputs to represent an activity or an operation.
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conventional stormwater collection and water supply system in the categories of non-carcinogenic emissions,
ecotoxicity and freshwater ecosystem impact (FEI). Carter and Keeler (2008) conducted an extensive comparative
cost-benefit analysis between a green roof and a conventional one. They were able to quantify the benefits the green
roof offered in terms of stormwater management, energy reduction and better air quality, and the monetary value
associated with those benefits. Their cost analysis between the two rooftops showed that green roofs were only 10%
- 14% more expensive than conventional ones, and it offered double the lifespan. Environmental and economic costs
of a green infrastructure system (bioretention, green roof, PPS) and a gray structure (separate stormwater sewer (SSS)
system) were compared by Wang et al. (2013), and their results showed that the combined green infrastructure
achieved water quality goals for the least climate and economic construction costs compared to SSS.
In this study, a process-based cradle-to-grave LCA such as the one described above is used to quantify the
environmental benefits and impacts of a parking lot LID-test site in southern Ontario, comprised of three bioretention
cells and three PPS. A hypothetical SWM pond of an equivalent treatment capacity is sized using Storm Water
Management Model (SWMM), and its cradle-to-grave impacts are estimated to compare the impacts of traditional
end-of-pipe SWM solutions (pond) to green-infrastructure-based SWM measures (LID). The study is undertaken with
the hope that it would help drive decision-making process for LIDs to a greener approach and promote a holistic and
interdisciplinary understanding of LID systems. The LCA methodology utilized in the study is in accordance with the
International Organization for Standardization (ISO) under the ISO 14040 and ISO 14044, which describe the
principles and framework for LCA and defines the phases of an LCA project as: i) goal and scope of the LCA, ii) life
cycle inventory (LCI), iii) life cycle impact assessment (LCIA), and iv) life cycle interpretation (ISO, 2006a, 2006b).
Ecoinvent v3, a comprehensive LCI database, is used to inventory all the processes. PRé Consultants’ ISO-compliant
LCA software SimaPro 8.0 is used to tally the inventory and define the impact categories for the impact assessment
phase. Site-specific data such as the dimensions of the LIDs, the impervious area treated by the LIDs, etc. are obtained
from documents provided by the conservation authority in the area or from photographic evidence. Reasonable and
documented assumptions are made where no information is available.

3.2 Goal & Scope (Methodology)
The site of interest is the IMAX headquarters parking lot, a ~1 ha area with 93% imperviousness, retrofitted with
three bioretention cells (labeled IX-2, IX-3 and IX-4) and three PPS (labeled IX-5, IX-6 and IX-7), located in
Mississauga, Ontario. The LIDs are designed to treat the runoff from the entire site minus the area remaining from the
control site, IX-1. The dimensions and treatment area of the bioretention cells and the PPS are stated in Bhatt and
Bradford (2017) and Bradford and Bhatt (2017), respectively. The specifications of all the systems were obtained from
detailed engineering design drawings. Both the LID types are sized to treat 25 mm of rainfall from their contributing
impervious areas. IX-2 and IX-3 have additional proprietary treatment technology attached, also discussed in Bhatt
and Bradford (2017)
The goal of the study is to quantify and compare the cradle-to-grave benefits and impacts of the implementation
of the LIDs at the IMAX site to a traditional end-of-pipe SWM pond’s benefits and impacts. The scope of the project
includes the acquisition and manufacturing of raw materials, transportation to the construction site and to the
decommissioning site at the end-of-life, and the end-of-life scenario itself. Various pollutant load reductions in the
treated stormwater effluent as it leaves the respective LIDs during the operation phase are also considered, as are the
regular maintenance procedures throughout the life cycle of the LIDs. Monetary costs, however, are excluded as they
are outside they the scope of the project.
3.2.1
System Boundary
The boundary for both the LID units include the raw materials, transportation, construction, maintenance for a 50year design life, and the transportation and disposal of the materials at the end of the design life. The system boundary
for the construction phase, highlighted in Figure 3.2.1, includes the raw material acquisition and processing of the
individual components of the LIDs, transport from the production facilities to the construction site and excavation of
the site. Many of the steps in constructing the LIDs such as the mixing of soil, clay and organic material to create the
engineered soil media, backfilling of the engineered soil, grading of the surfaces, planting of vegetation, etc. are not
included due to the limitation of the process library used. Their overall impacts compared to the impacts of material
extraction, processing and transportation are likely negligible. The manufacturing of corrugated HDPE pipes and
polypropylene (PP) geotextile liners from their respective materials is also neglected due to the limitation of the
library. Therefore, the material flows related to the manufacturing of corrugated pipe and geotextile liners are assumed
to be those of the manufacturing of HDPE and PP, respectively. This is a standard practice among several studies
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related to green infrastructure (Andrew and Vesely, 2008; Flynn and Traver, 2013; Hengen et al., 2016; O’Sullivan et
al., 2015).
C∀ - Construction Phase
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Figure 3.2.1. Control volume (system boundary) of the construction phase of the LID, indicating which processes
are included and excluded in the construction of the LIDs.
The boundary defining the processes included and excluded in the operational phase of the systems is shown in
Figure 3.2.2. The operational phase of the LIDs is comprised of regular maintenance intervals over their operational
life. Though regular maintenance of LID systems is essential to prevent degradation of performance (Brown and Hunt,
2012; de Macedo et al., 2017; Johnson and Hunt, 2016), the maintenance practices are simplified to be generic machine
operation processes utilizing diesel, as very little information regarding maintenance practices are known about this
particular LID site. The transport of personnel and equipment to the site for regular maintenance are also excluded for
the same reason, as are the disposal scenarios for the various waste debris accumulated during regular maintenance.
The accumulated benefits provided by the LIDs and the SWM pond in terms of stormwater runoff treatment are also
considered in this phase, though their performance during the winter months (Dec – Mar) is not included in the
assessment. The benefits of increased infiltration of stormwater into the ground due to LID implementation are outside
the scope of this study as well. Due to their relative “newness”, very limited data exists regarding typical lifespan of
LIDs (Payne et al., 2015; TRCA and CVC, 2010; Winston et al., 2016a), so a 50-year operational life is assumed. The
operational life is varied from 25 years – 100 years to gauge the effect of longevity of the LIDs on their overall impacts.
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Figure 3.2.2. Control volume (system boundary) of the operating phase of the LID, indicating which processes are
included and excluded during the operating life of the LIDs.
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The boundary defining the processes included and excluded in the decommissioning phase of the LIDs is shown
in Figure 3.2.3. It includes the excavation and transport of the LID materials to the decommissioning site, recycling
and landfilling of the aggregates and plastics to the appropriate facilities, and the reuse of aggregate to nearby facilities.
Decommissioning is usually excluded in LCAs of LIDs (Carter and Keeler, 2008; Higgins and Olson, 2009; Jeong et
al., 2016; Moore and Hunt, 2013; O’Sullivan et al., 2015; Spatari et al., 2011; Xu et al., 2017), and when included,
are hypothetical scenarios based on predictions and estimates (Brudler et al., 2016; Flynn and Traver, 2013; Hengen
et al., 2016). The ratio of recycled-to-landfilled materials is unknown, so it is assumed that 80% of the decommissioned
materials are either recycled, and the remaining are landfilled (further expanded upon in section 3.3.4).
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Figure 3.2.3. Control volume (system boundary) of the decommissioning phase of the LID, indicating which
processes are included and excluded during the disposal of the LIDs.
3.2.2
Functional Unit
For any comparative LCA study, a functional unit must be assigned to normalize the inventory of each system and
directly compare the impacts to other studies of similar systems. The functional unit across green infrastructure LCA
studies has been inconsistent. Some researchers have used “impervious area treated by LID” or “water quality volume
treated by LID” as a functional unit for similar comparisons (Flynn and Traver, 2013; Hengen et al., 2016; Moore and
Hunt, 2013; Xu et al., 2017). Water quality and removal efficiencies of LIDs have been used as a functional unit by
Andrew and Vesely (2008) and O’Sullivan et al. (2015). Brudler et al. (2016) adopted a unique functional unit based
on the management of additional runoff expected due to climate change. Instead of using a volumetric measure of
runoff, they have used a severity-based flood level based on three points approach (3PA) introduced by Fratini et al.
(2012) as their functional unit. Secondary functions of LIDs are rarely stated in any of the reviewed studies. Although
some studies have attempted to quantify the impacts on these functions based on reduced water demand (Jeong et al.,
2016), reduced air-conditioning bills (Carter and Keeler, 2008) and air-pollutant removal (Flynn and Traver, 2013).
In this case, the treatment of impervious area is considered to be the primary function of the systems, so the
“impervious area treated” is used as the functional unit for the comparison between LIDs. No secondary functions are
included in the analysis. The comparison between the LID systems and the hypothetical SWM pond are done using
the same functional unit.
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3.3 Life Cycle Inventory (LCI)
The inventory of all the materials for each LID were obtained from monitoring reports and design drawings
provided by the local conservation authority in the area, Credit Valley Conservation (CVC), who have documentation
detailing the dimensions of the LIDs constructed on the site. Where information was found lacking, assumptions were
made by consulting similar studies by other researchers. The resources, energy and emission flows for all the phases
are inventoried using Ecoinvent 3.3 database. The material, transportation, construction and operation and
maintenance inventories are outlined below. Note that the inventories are not normalized at this stage and are for the
entire area as constructed on the site.
3.3.1
Material Inventory
The mass of materials to construct the LID systems are generally estimated from the cross-sectional engineering
design drawings and the monitoring report (CVC, 2016). The material amounts needed to construct the bioretention
are listed in Table 3.3.1.The soil mixture of the bioretention is 85% sand, 10% fines, and 5% organic matter, by weight.
Due to limitations of the process library, 9:1 sand to clay ratio with a 25% void ratio is assumed. A soil depth of 600
mm, a pipe diameter of 200 mm and a base depth of 150 mm for all three bioretention cells, based on the design
specifications, is used to determine the material amounts of sand and clay, HDPE and the gravel, respectively. The
mass of the geotextile liner is based on the footprint of each bioretention cell and the specified density of 0.35 kg/m 2
provided by the manufacturer. Details regarding the plant species and density (spacing) on top of the bioretention was
unknown as well, so the plant species is assumed to be Miscanthus with a density of 1 m-2. The depth of the mulch
layer on top of the bioretention media is unknown, so a depth of 75 mm as recommended by TRCA and CVC (2010)
is assumed. The mulch is also replaced every 2 years (Jeong et al., 2016; Moore and Hunt, 2013). The top 100 mm of
the engineered media and the plants are also replaced every 12 years for the default scenario, based on the
recommendation of replacement every 10 – 15 years by Payne et al. (2015).
IX-2 and IX-3 have proprietary treatment technology in series with the bioretention, which have a concrete box to
house them. The concrete’s dimensions and mass were acquired from design documents. IX-2’s Sorbtive® Media,
developed by Imbrium® Systems, is a ceramic-like aluminum oxide compound produced from calcinating aluminum
ore (bauxite) and coated with iron oxide. Due to the limitations of the library, impacts of manufacturing of the
calcinated aluminum oxide is considered, but the impacts of the coating are excluded. IX-3’s Jellyfish® Filter, also
developed by Imbrium® Systems, is a filtration device composed of hollow-fiber, polymer membranes in six 15”
length cartridges. The Ecoinvent database does not have information regarding the manufacturing of this particular
membrane module, so the manufacturing impacts of a UNA 620-A hollow fiber ultrafiltration membrane, developed
by Pall©, is used to represent the impacts of the Jellyfish®. Due to difference in size and treatment capacity between
the units, the cartridge length and the surface loading rate of each unit is compared to determine that one Jellyfish®
unit is equivalent to 0.15 – 0.65 UNA units. A Jellyfish®/UNA equivalent factor of 0.25 is chosen for the default
scenario. The Jellyfish® membrane’s quoted replacement time is 2 -5 years and was replaced in 3 years at the site of
interest. For the default lifespan, just over 2 UNA-equivalent-units are allocated to the Jellyfish® manufacturing
impacts. Refer to Bhatt and Bradford (2017) for details regarding bioretention specifications.
The material amounts needed to construct the PPS are listed in Table 3.3.2. All three PPS have 80 mm thick brick
(Eco Optiloc® by Unilock) pavers and a 50 mm thick bedding layer of 5 -7 mm ø angular chip stone, represented as
crushed gravel. IX-5 uses a different variety of base aggregate with a depth of 350 mm, while IX-6 and IX-7’s base
layer consists of 500 mm depth of the more popular 20 mm ø clear stone. Both the aggregate types are represented to
be gravel with a void ratio of 40%. IX-5 and IX-7 have a combination of 150 mm and 200 mm diameter perforated
HDPE pipes, while IX-6 has 200 mm diameter perforated HDPE pipes only. The pipe lengths are estimated from the
construction drawings. The polypropylene (PP) geotextile liner placement below the base layer of each pavement as
well as the liner placement between them to hydraulically separate them are included. The liners’ makeup and density
are assumed to be similar to the bioretentions’ liner. Unlike the bioretention systems, replacement of any PPS material
is only needed in the unlikely case of a structural failure (i.e. formation of potholes). Refer to Bradford and Bhatt
(2017) for details regarding PPS specifications.
The inventory associated with the SWM pond includes the native material and vegetation, consisting of plants and
grass. The native soil recovered from the SWM pond excavation process is not added back to the technosphere
(production system) because it is assumed that an equivalent amount of material will be needed to fill in the excavation
at the end of its life. The processes associated with the excavation and transport of the native soil during the
construction and the decommissioning phases are included however (section 3.3.2). Pond infrastructure such as piping
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and full-perimeter fencing are not included. The pond is sized to treat the runoff from the IMAX site using the
stormwater management model (SWMM). A total pond volume of 425 m3, 220 m3 of which is dedicated to the
permanent pool to achieve 80% long-term TSS removal in accordance with MOE (2003), is required to treat the runoff
form the IMAX site. A pond area of 390 m2 is required to house the pond. The pond bank area is assumed to be a
quarter of the area of the pond itself, requiring the plantation of ~100 m2 of grass and 20 plants, assumed to be
Miscanthus. The SWM pond scenario also includes the material inventory of 3,593 m2 of traditional asphalt lot, which
in the LID scenario gets converted to IX-5, 6 and 7. The traditional asphalt lot is assumed to be 1.5” (38 mm) thick
hot mix asphalt (HMA) layer on top of a 3.5” (90 mm) layer of ¾” – 1” (19 – 25 mm) sized aggregate, as specified in
section 211 of VDOT (2016) and Glick et al. (2013).
Table 3.3.1. An estimation of the materials needed for the bioretentions’ construction on the site.
Material
Gravel [kg]
Sand [kg]
Clay [kg]
HDPE Pipe [kg]
PP Geotextile Liner [kg]
Mulch (Wood Chips) [kg]
Shrubs [#]
Aluminum Oxide
(Sorbtive® Media) [kg]
Membrane, hollow-fiber
(Jellyfish® Filter) [#]
Concrete [m3]

Amount in IX-2 [/40 m2]
7,070
24,300
1,980
230
14
530
40

Amount in IX-3 [/62 m2]
10,460
37,670
3,070
305
22
820
62

Amount in IX-4 [/72 m2]
12,150
43,740
3,560
350
25
950
72

620

0

0

0

2.086

0

2.55

2.55

0

Table 3.3.2. An estimation of the materials needed for the PPS’ construction on the site.
Material

Amount in IX-5 [/1862
m2]

Amount in IX-6 [/1311
m2]

Amount in IX-7 [/420
m2]

Brick [kg]

119,000

83,900

26,800

Gravel [kg]
Stone (gravel, crushed)
[kg]
HDPE Pipe [kg]
PP Geotextile Liner [kg]

838,500

551,100

176,400

126,300

88,490

28,350

375
670

102
465

120
155

3.3.2
Transportation and Construction Inventory
The means of transportation and the distance to the production site of the LID and the SWM pond materials is
unknown. Nearby quarries and bulk garden suppliers exist within 30 km of the site, so a default distance of 30 km
from the production site (e.g. quarry, pipe manufacturer, etc.) to the final destination is assumed. A default distance
of 30 km to the decommissioning site (i.e. the recycling and landfilling facility) is also assumed for the time being,
though landfill and recycling centers do exist closer to the site. These distances are varied from 15 km – 60 km to
gauge their influence on the impact of the LIDs. Diesel transport trucks are assumed to be used for all the required
transportation. The excavation during the construction phase and the disposal phase is assumed to be split evenly
between a hydraulic digger and skid steer loader. For both the transport and excavation processes, empty return trips
are not considered, neither is the backfilling of the excavated site considered at the end of the LID life. The tallied
transportation and excavation amounts for the construction and disposal of all the systems are listed in Table 3.3.3.

6

Equivalent for the entire default 50-year bioretention lifespan
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Table 3.3.3. Transport and excavation required for the construction and disposal of the systems.
SWM Pond [/390 m2] +
Asphalt Parking Lot
[/3593 m2]
27.1E6 (pond) + 52.3E6
(lot)

Process

Bioretention [/174
m2]

PPS [/3593 m ]

Transport by Truck [ton km]

8.71E6

101.97E6

65

930

425 (pond) + 465 (lot)

65

930

425 (pond) + 465 (lot)

7

Excavation by Hydraulic
Digger [m3]
Excavation by Skid Steer
Loader [m3]

2

3.3.3
Water Quality Benefits and Maintenance Inventory (Operational Phase)
The operational phase consists of the regular maintenance required by the systems and quantification of the water
quality benefits provided by the systems. The annual emissions of various contaminants to the water avoided
downstream (i.e. trapped by the systems) due to LID and SWM pond implementation, 𝑀𝑎𝑣𝑜𝑖𝑑𝑒𝑑 [g/yr], are estimated
using Eq. (1) as such:
𝑀𝑎𝑣𝑜𝑖𝑑𝑒𝑑 = 𝑀𝑖𝑛 − 𝑀𝑜𝑢𝑡
𝑀𝑎𝑣𝑜𝑖𝑑𝑒𝑑 = 𝑃 𝐶 (𝐴𝐼𝑀𝑃 + 𝐴𝐿𝐼𝐷 ) [1 − (1 − 𝑅∀ )(1 − 𝑅𝐶 )]

(1)

Where 𝑀𝑖𝑛 and 𝑀𝑜𝑢𝑡 are the contaminant mass loads coming in and leaving the system, respectively; 𝑃 [mm/yr] is
the annual precipitation on the site; 𝐶 [g/L] is the average constituent concentration in the influent runoff; 𝐴𝐼𝑀𝑃 [m2]
is the surface area (footprint) of the impervious area draining to the LID; 𝐴𝐿𝐼𝐷 [m2] is the surface area (footprint) of
the LID; 𝑅∀ [Lout/Lin] is the percent reduction of the stormwater runoff volume obtained by the LID; and 𝑅𝐶 [gout/gin]
is the percent reduction of the effluent concentration achieved by the LID. The 𝑅∀ and 𝑅𝐶 values for each bioretention
and PPS is obtained from monitoring data analyzed in Bhatt and Bradford (2017) and Bradford and Bhatt (2017),
respectively, as are the 𝑃 and 𝐶 values. For the SWM pond, the 𝑅∀ value is zero, and the 𝑅𝐶 values are based on
averages taken from PADEP (2006), Geosyntec Consultants and Wright Water Engineers Inc. (2014) and
Muthukrishnan (2010). The 𝑅∀ and 𝑅𝐶 values of the LIDs are likely to degrade during the systems’ lifespan (Drake
and Bradford, 2013; Johnson and Hunt, 2016), but those effects are not considered. The emissions to water avoided
downstream as a result of LID and SWM pond implementation are summarized in Table 3.3.4.
The exact regular maintenance standards followed on the site are currently unknown, so a simplified single-process
approach is used to quantify the impacts of maintenance of the LIDs. A diesel-operated, low-load machine (~22
horsepower) is used as a substitute for generic maintenance practices such as weeding and mowing. Payne et al.
(2015), MOE (2003) and TRCA and CVC (2010) provide an overview of minor maintenance practices such as
monthly litter removal and an inspection after every major storm (>25 mm), which are not included in this analysis,
as they are well within the 1% cut-off factor. The impacts of pruning the vegetation twice a year (Payne et al., 2015)
(assuming a 30-minute operation), and the removal of accumulated sediments from the bioretention surface and
processing in a sanitary landfill as recommended by MOE (2003) every 2 – 5 years are included. TSS load removals
from the bioretention cells (Bhatt and Bradford, 2017) are used as estimates for the mass of sediment removal. PPS
maintenance consists of cleaning the PPS by removing the debris accumulated in the pores. A cleaning of PPS is
recommended every 1 – 2 years to preserve surface infiltration rates (Drake and Bradford, 2013; MOE, 2003; Winston
et al., 2016a). Two common ways of cleaning the PPS are pressure washing and vacuum sweeping. Pressure washing
is excluded from the maintenance scenario due to its challenges with treating areas larger than walkways and
driveways (Drake and Bradford, 2013). A diesel-operated, high-load (~100 horsepower) machine operation is used to
represent the impacts of vacuum sweeping the PPS, assuming a 2-hour continuous operation during every sweep.
The pond maintenance consists of quarterly mowing of ~100 m2 of grass area and sediment removal every 5 years
(Moore and Hunt, 2013; USEPA, 2009). The sediment removal mass amounts, listed in Table 3.3.4, are estimated
assuming an 80% TSS removal (MOE, 2003). Sediment removal is recommended every 2-7 years by USEPA (2009)
7

Includes the transport and excavation form the construction as well as the decommissioning phase
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and every 20 years by MOE (2003). Approximately 18 m3 of sediment is accumulated and removed throughout the
default lifespan of the pond. Other sporadic maintenance practices such as pipe repairs and restoration of eroded soil
are not included. Optional application of flocculants to promote settling is also excluded. The maintenance of the
traditional asphalt lot is not included in the assessment, whose global warming potential (GWP) impacts reach 80%
of its initial manufacturing and construction impacts just over a 20-year period (Glick et al., 2013).
Table 3.3.4. A list of the emissions to water annually avoided as a result of SWM implementation on the site.
Substances in Water
Suspended Solids
Total Phosphorus
Nitrate
Nitrite
Ammonia
Kjeldahl Nitrogen
Iron
Copper
Lead
Cadmium
Zinc

Trapped by LIDs [kg/yr]
646.3
2.079
1.208
0.057
0.860
6.274
2.370
0.129
0.087
0.017
0.799

Trapped by SWM Pond [kg/yr]
443.8
1.062
0.085
0.004
0.099
1.477
1.264
0.056
0.023
0.002
0.156

3.3.4
Decommissioning Inventory
The decommissioning phase includes the process of dismantling the LID, transportation of the dismantled LIDs,
reuse, recycling and the disposal of the LID materials. The dismantling and transportation of the LIDs have already
been included in section 3.3.2. The materials that are recycled/reused are directly subtracted from the materials used
in the construction phase (listed in Table 3.3.1) because the recycled/reused materials are added back to the
technosphere (production system). The aggregate materials and the Sorbtive® media that is disposed are directed to
an inert landfill, and the plastic materials from the pipes, liners and the Jellyfish® components that are disposed are
directed to a sanitary landfill. Limited information is available on the decommissioning of green infrastructure, so a
default recycle ratio of 80% is assumed (i.e. 80% of the LID materials are recycled; the rest are landfilled). The amount
of materials recycled/reused depend on the site location as well, so the recycle ratio is varied from 50% - 95% to
determine its influence on the overall impacts of the LIDs.

3.4 Life Cycle Impact Assessment (LCIA)
The life cycle impact over a functional unit of “per 1 m2 of LID drainage area” is done using the Tool for the
Reduction and Assessment of Chemical and Other Environmental Impacts (TRACI) v2.1, which is a midpoint impact
assessment method quantifying the potential for harm in ten categories, including ozone depletion, global warming,
smog formation, acidification, eutrophication, carcinogenic emissions, non-carcinogenic emissions, respiratory
effects, ecotoxicity and fossil fuel depletion (Bare, 2011). The LIDs’ total impacts are compared to the impacts of the
SWM pond using a functional unit of “drainage area treated by the systems”.
The impacts are also normalized by per-capita emissions in Canada in the year 2005. Normalization transforms
the LCIA magnitude into relative contributions and allows the environmental impacts of a product to be related to the
impacts of its surroundings (e.g. greenhouse gas emission rate in Canada in the year 2005 was 2.31E4 kg CO2eq/person/yr, so the SWM systems’ greenhouse gas emissions would be divided by that reference value; normalization
process is further defined in Bare et al. (2006)). The normalization allows the impacts of the LIDs to be compared to
the average impacts of human activities, thereby providing a rough assessment of the significance of the impacts in
the technosphere. This also provides an opportunity to compare the relative significance between the impacts.
Furthermore, due to lack of information regarding the transportation distances, LID lifespans and their disposal
practices, three different scenarios are assessed, listed in Table 3.4.1. The optimistic scenario assumes a shorter
transportation distance from the LID site to the material production site and decommissioning site, longer LID lifespan
and environmentally-friendly disposal practices. The pessimistic scenario assumes the opposite, and the default
scenario finds a balance between the two. Parameters such as precipitation depth which are uncontrollable are varied
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based on measured historical data to gauge their influence on the impacts. LID performance parameters observed by
other researchers vary (Bhatt and Bradford, 2017; Bradford and Bhatt 2017), so the hydrologic and the water quality
performance of the LIDs are also varied by ±15% and ±20%, respectively, to account for their range of effectiveness.
The default scenarios of the precipitation and the LID performance parameters use the measured data as inputs for
those respective parameters. Maintenance frequency is varied based on suggest range from literature. The optimistic
and the pessimistic scenarios represent the extreme cases, and their impacts should not be used for comparative
purposes.
Table 3.4.1. List of the variables changed in the three scenarios considered for impact assessment.
Parameter
Transport distance [km/trip]8
Lifespan [year]
Recycle ratio [kgrecycled/kg]
Precipitation depth (Apr –
Nov) [mm/year]
LID volume reduction [%]
Contaminant9 concentration
reduction [%]
Vacuum sweeping of PPS
frequency
Jellyfish® removal
frequency [year]
Pond sedimentation removal
frequency [year]

Default Scenario
30
50
80%

Optimistic Scenario
10
100
95%

Pessimistic Scenario
50
25
50%

550

700

450

+15%

-15%

+20%

-20%

18 months

Biennial

Annual

3.5

5

2

5

20

3

As specified in Bhatt and
Bradford (2017);
Bradford and Bhatt
(2017)
As specified in Bhatt and
Bradford (2017);
Bradford and Bhatt
(2017)

The total cradle-to-grave impacts of the LID systems are compared in Figure 3.4.1, and a breakdown of each of
the phase’s contributions to those impacts are shown in Figure 3.4.2. Categories from left to right are ozone depletion
(OD) [kg CFC-11], global warming (GW) [kg CO2,eq], smog (S) [kg O3,eq], acidification (A) [kg SO2,eq],
eutrophication (E) [kg N,eq], carcinogenics (C) [CTUh], non-carcinogenics (NC) [CTUh], respiratory effects (R) [kg
PM2.5,eq], ecotoxicity (ECO) [CTUe], and fossil fuel depletion (FF) [MJ surplus]. Negative values indicate avoided
impacts (benefits). The bars represent the default scenario; the upper error line represents the pessimistic scenario, and
the lower error line represents the optimistic scenario (where applicable).
A comparison of the cradle-to-grave impacts of the LID systems (Figure 3.4.1) reveals that the bioretention
systems (IX-2, 3 and 4) have ~90% lower impacts across the categories of OD, GW, S, A, C, R and FF compared to
the PPS (IX-5,6 and 7) on a “per 1 m2 of drainage area treated” basis. All the LIDs offer a significant avoidance of
eutrophication potential, non-carcinogenic human toxicity and ecotoxicity, which are all mostly associated with the
water quality benefits offered by the LIDs. PPS are 60% more effective at avoiding eutrophication (E) potential
compared to the bioretention due to their superior treatment of total phosphorus (TP) and nitrate (NO 3-) to an extent.
Among the bioretention systems, IX-2 offers the highest benefit due to the Sorbtive® media’s sorption of influent TP.
For non-carcinogenic human toxicity (NC) impacts, bioretentions’ benefits are 75% greater than PPS due to its
treatment of select metals, zinc in particular. Bioretentions’ and PPS’ impacts on ecotoxicity (ECO), whose impacts
depend on select metals, are comparable. Bioretention offers higher zinc removal while PPS offer higher copper
removal. In all three categories with avoided impacts, the volume reduction offered by the LIDs is a larger contributor
to the avoided impacts than the removal of the contaminant itself (i.e. concentration reduction), as in most cases, 𝑅∀
is greater than 𝑅𝐶 (used in Eq. (1)).
8

The trip distances are doubled during the inventory phase to account for the transport from the production site,
and the transport to the decommissioning site.
9
Contaminant refers to all the constituents listed in Table 3.3.4
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A breakdown of the IMAX LID site’s summed impacts (Figure 3.4.2) reveals that manufacturing of the materials
has the largest impact (~50%) in the categories of OD, GW, S, A, C, R and FF, followed by transportation’s impacts
(~30%). Recycling the materials during the decommissioning scenario negates ~40% of the material impacts however.
The impacts of construction are negligible (~4%), and the maintenance impacts (~15%) are dominated by the PPS’
vacuum sweeping. A further breakdown of the LID materials’ impacts, show that the Jellyfish® unit and its concrete
housing make up ~50% of IX-3’s material impacts, followed by the engineered media (~25%) across all the categories
(Figure 3.7.2). Similarly, the Sorbtive® Media and its concrete housing make up ~60% of IX-2’s material impacts,
followed by the engineered media (~20%) across all the categories. All three PPS systems have similar impact
breakdown of materials: ~55% contributed by the brick paver layer, followed by ~30% contributed by the storage
layer across all the categories (Figure 3.7.3).
The LID site’s and the SWM pond + traditional lot scenario’s cradle-to-grave impacts over a functional unit of
“drainage area treated” are compared in Figure 3.4.3. For the categories of OD, S, A, C, R and FF, the cradle-to-grave
impacts of the LIDs are ~25% lower than the SWM pond (+ traditional lot)’s. Both the scenarios have comparable
GW impacts however. The benefits offered by the LIDs’ in the categories of E, NC and Eco are ~210% higher than
the alternative scenario’s due to the LIDs’ volume retention abilities. The SWM pond’s impacts across the categories
of OD, GW, S, A, C, R and FF are ~70% of the ‘SWM pond + traditional lot’ scenario’s total impacts; the remaining
~30% are attributed to the traditional lot. All the benefits offered by the ‘SWM pond + traditional lot’ scenario in the
categories of E, NC and Eco are offered by the SWM pond, as the traditional lot does not have stormwater treatment
capability. A comparison of the traditional lot’s and the PPS’ cradle-to-grave impacts reveals that the traditional lot’s
impacts are 50% lower than the PPS’ impacts for the category of GW. Glick et al. (2013) concluded that a traditional
lot of a similar type had 60% lower impacts compared to a porous asphalt pavement for the same category, though
they had a more detailed maintenance inventory.
The normalized impacts of the LID site, presented in Figure 3.4.4, show that the normalized impacts in the
categories of OD, GW, S, A, R and FF are insignificant (~6%) compared to the impacts of C. The combined benefits
(avoided impacts) offered by the LIDs in the categories of E, NC and Eco are eight times greater than the combined
damages, and 30 times greater when discounting C’s impacts. The greatest benefits are observed in the categories of
Eco, followed by NC (37% of Eco’s impacts) and E (20% of Eco’s impacts). This demonstrates that the magnitude of
the impacts of LID implementation (from the technosphere) in the ecosphere are negligible compared to their relative
advantages.
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Figure 3.4.1. Relative cradle-to-grave impact assessment of the LIDs over a functional unit of “1 m 2 of drainage
area treated” using TRACI 2.1. (The respective values of each of the LID’s impacts for the default scenario are
tabulated in Table 3.7.1 and Table 3.7.2 in the Appendix)
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Figure 3.4.2. Breakdown of cradle-to-grave relative impact assessment of the IMAX LID site using TRACI 2.1
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Figure 3.4.3. Relative cradle-to-grave impacts of LIDs as constructed and SWM pond (+ traditional lot) lot needed
to treat the IMAX site (i.e. a functional unit of “drainage area treated”) using TRACI 2.1. (The respective values of
the LID and the pond + traditional for the default scenario are tabulated in Table 3.7.3 in the Appendix)
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Figure 3.4.4. Cradle-to-grave impact assessment (using TRACI 2.1) of the LID systems normalized with respect to
per-capita emissions in Canada in the year 2005. Normalization factors are obtained from Ryberg et al., (2014)
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3.5 Life Cycle Interpretation and Discussion
3.5.1
Bioretention v. PPS Comparison
The cradle-to-grave impacts comparison between the bioretention and PPS (Figure 3.4.1) indicates that the
bioretention have significantly lower impacts compared to the PPS on a basis of the “drainage area treated”. This is
not surprising considering that the bioretention cells, on average, are sized to treat 30 m2 of drainage area per 1 m2 of
footprint compared to the PPS’ treatment of 1 m2 of drainage area (the PPS only treat the rainfall that falls on them).
On a “drainage area treated” basis, 1 m2 of PPS is equivalent to 0.035 m2 of bioretention, explaining bioretentions’
significantly lower impacts. PPS are multi-functional however, and their ability to convey traffic is a distinct advantage
over bioretention’s singular SWM function, which is not quantified by any of the impact categories in this study. In a
scenario where bioretention was used to treat the runoff from all the parking stalls, a traditional lot would have to be
constructed, whose cradle-to-grave impacts are comparable to PPS’ (~70% of the PPS’ impacts for the categories of
OD, GW, S, A, C, R and FF).
When the bioretention and the PPS are compared on a basis of “1 m2 of LID footprint”, (Figure 3.7.1), the
bioretention and the PPS’ damages across all the impact categories are comparable. IX-2 and IX-3 have higher impacts
due to the addition of Sorbtive® Media and the Jellyfish® filter in IX-2 and IX-3, respectively. The standalone IX-4
unit’s impacts are only ~3% greater than the PPS’ impacts. The benefits offered by the bioretention on a “1 m2 of LID
footprint” basis are 12, 90 and 35 times higher than the PPS in the categories of E, NC and Eco, respectively. This is
expected because 1 m2 of bioretention cells, on average, treat 30 times the volume of that of 1 m2 of PPS’. The average
break-even period (i.e. the year in the LID lifespan when the benefits outweigh the damages) across the categories of
E, NC and Eco is ~11 years for bioretention compared to ~52 years for the PPS.
3.5.2
LID v. SWM Pond (+ Traditional Lot) Comparison
The cradle-to-grave impacts of the LIDs and the pond (Figure 3.4.3) indicate that the LIDs’ impacts prior to the
operation phase (i.e. material acquisition processing, transportation and construction phases) for the categories of OD,
S, A, C, R and FF are lower compared to the traditional SWM pond scenario. Interestingly, LIDs do not offer any
advantage in the reduction of carbon footprint (GW potential) compared to traditional infrastructure. Although the
effect of carbon storage and sequestration by the bioretention vegetation, which may reduce the LIDs’ overall GW
potential, is not quantified, extrapolations from Flynn and Traver (2013)’s and Moore and Hunt (2013)’s results
suggest a negligible benefit (< 1%) for bioretention of this size without any tree plantings. Regardless, SWM
infrastructure is designed for stormwater treatment, which LIDs excel at compared to traditional SWM infrastructure
(as shown in the categories of E, NC and Eco). The fact that they have relatively lower life cycle impacts compared
to traditional infrastructure makes an even stronger case for their implementation over standalone, traditional
infrastructure.
3.5.3
Limitations in Quantifying the Benefits of LID implementation
It is recognized that the protection of aquatic ecosystems requires more than a focus on volume and pollutant load
reduction, and alternative approaches to SWM should focus on restoring important elements of the natural flow regime
(Burns et al., 2012; Walsh et al., 2005). The effects of hyper-connectivity between impervious surfaces and receiving
waters, and disrupting the natural flow regimes include:
•
•
•

Changes in sediment load transport and particle size, which can have negative impacts on the quality of aquatic
spawning habitats; suffocate eggs and insect larvae; and interfere with recreational activities and aesthetic
enjoyment of waterbodies (FISRWG, 1998; Rolls et al., 2012)
Increase in the water temperature of the receiving streams, which influence growth, metabolism and
reproduction of aquatic species. Furthermore, increasing stream temperatures (“thermal pollution”) can
increase the dissolved oxygen demand due to increased microbial activity (Somers et al., 2013)
Changes in important base flow regime attributes such as antecedent conditions, duration, magnitude and
frequency, which have a direct impact on aquatic and riparian ecosystems due to demotion of valuable
functions such as transport of materials and energy and movements of flora and fauna in riverine ecosystems,
thereby (Hamel et al., 2013; Rolls et al., 2012)

LID implementation mitigates these effects to an extent, but their impacts are difficult, often impossible, to
quantify due to several reasons. The LCIA methods currently available estimate impacts based on an ‘impact factor’,
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a coefficient which provides relative weighting of emissions obtained from the LCI phase in any given impact
category. This facilitates the quantification of impacts of pollutant loading in various categories (as done so in this
study) but does not facilitate the quantification of impacts which rely on more complicated metrics as those described
above. Furthermore, on-field estimation of the magnitude of relevant parameters such as flow frequency and particle
size distribution are difficult to isolate as these parameters don’t act in isolation and often occur simultaneously (Rolls
et al., 2012). This is one of the major limitations in LCA of GI which has also not been addressed in the literature
reviewed in this study.
3.5.4
Uncertainty in Impacts and Sensitivity Analysis
The reliability of the impact assessment depends on the quality of the processes’ database utilized and the certainty
of input parameters. The Ecoinvent v3 database used is a reputable source with a well-documented and validated
inventorying of all the processes. Therefore, the limiting factor in the reliability of the assessment is the uncertainty
of the inputs. The preliminary sensitivity analysis (using the three cases) shows that the lifespan of the LIDs have the
greatest impact in the categories of E, NC and Eco, followed by the volume reduction achieved by the LIDs; the
transportation distance has the greatest impact in the categories of OD, GW, R and FF; the recycle ratio of the LIDs
has a moderate effect on the categories of C, R and FF; and the maintenance practices have a moderate effect on OD,
GW, S and FF.
Unfortunately, due to the relative recentness of LIDs, the typical lifespan of LIDs cannot be assessed with certainty.
Typical values range from 20 – 50 years (Andrew and Vesely, 2008; Flynn and Traver, 2013; Glick et al., 2013;
Hengen et al., 2016). A longer lifespan is assumed in this case because a long functional lifespan can be presumed
with regular maintenance (Payne et al., 2015; Pezzaniti et al., 2009). The transportation distances vary from site to
site (and hence, from study to study), and the decommissioning practices regarding green infrastructure are still not
established fully, so the transportation distance and the recycle ratio used in this study are merely speculative. The
errors associated with the preliminary sensitivity analysis represent the extreme magnitudes of the impacts and not the
most likely scenarios, which is presumably somewhere in the center of the range. In order to reliably assess the most
likely magnitude of impacts, a probabilistic simulation such as the Monte Carlo method can be used to determine the
full effect of these parameters on the impacts, as done by Xu et al. (2017), Higgins and Olson (2009), Jeong et al.
(2016), and O’Sullivan et al. (2015). For the present case, the default scenario’s impacts are the most appropriate
method of comparison. It is also prudent to compare the life cycle impacts determined by different LCIA methods in
order to observe if the method chosen for the analysis (TRACI 2.1 in this case) overestimates or underestimates the
impact in any given category compared to other methods; though a lack of harmonization between the methods make
such comparisons difficult. A harmonization attempt between common methods for the categories relevant to this
study is further explored in (Bhatt et al., 2017).
3.5.5
Closing Remarks
One of the advantages of life cycle assessment of a product or a process is the insight it can provide in determining
which areas of the product development have the largest environmental impacts, which ultimately allows the decision
makers to focus on those areas to reduce the overall impacts of the product by a significant amount. In the case of the
LIDs studied, it is found that ~50% of the IX-2 and IX-3’s impacts are from the pre/post treatment unit. No additional
benefits from the treatment units is observed for this particular site, although this is most likely due to limitations in
the LCA procedure in quantifying the full impacts of stormwater treatment offered by the units (section 3.5.3). The
impacts are sensitive to the impervious area treated by the LIDs as well, so the ratio of impervious area treated to LID
area should be maximized where possible to minimize the damages relative to the benefits offered by the LIDs.
Transportation is a major contributor the impacts across almost all the categories. In some GI LCA studies,
transportation accounts for the largest impacts (Andrew and Vesely, 2008; Hengen et al., 2016; O’Sullivan et al.,
2015). A large proportion of the impacts could therefore be avoided by locally sourcing the materials to minimize the
transportation distance. In this study, the accumulated water quality (WQ) benefits offered by the LIDs accounts for
the nearly all the avoided eutrophication, non-carcinogenic emissions and ecotoxicity impacts. These benefits are
proportional to the lifespan of the LIDs, so longer-lasting LIDs will have greater WQ benefits relative to the impacts
of construction, deconstruction and transportation. However, environmental life cycle perspective is just one of the
lenses used to inform the decision-making process, and ultimately, the monetary costs and the constraints of the site
continue to play a larger role in the selection and design of LIDs.
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Figure 3.7.1. Relative cradle-to-grave impact assessment of the LIDs using a functional unit of “1 m of LID
footprint” using TRACI 2.1. Negative values indicate avoided impacts (benefits). The bars represent the default
scenario; the upper error line represents the pessimistic scenario, and the lower error line represents the optimistic
scenario.
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Figure 3.7.2. Relative impacts of IX-3’s materials
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Figure 3.7.3. Relative impacts of IX-5’s materials
Table 3.7.1. Cradle-to-grave impacts of 1 m2 footprint of the bioretention systems using the default scenario
Impact category
Ozone depletion
Global warming
Smog
Acidification
Eutrophication
Carcinogenics
Non
carcinogenics
Respiratory
effects
Ecotoxicity
Fossil fuel
depletion

Unit
kg CFC11 eq
kg CO2
eq
kg O3 eq
kg SO2
eq
kg N eq
CTUh

Identifier

IX-2 [1 m2]

IX-3 [1 m2]

IX-4 [1 m2]

OD

1.18E-05

6.76E-06

4.20E-06

GW

8.00E+01

5.30E+01

2.11E+01

S

7.29E+00

4.07E+00

2.39E+00

A

3.77E-01

2.46E-01

1.21E-01

E
C

-1.37E+00
2.19E-06

-4.91E-01
1.50E-06

-1.12E+00
7.26E-07

CTUh

NC

-1.82E-04

-1.24E-04

-2.32E-04

R

4.92E-02

3.19E-02

1.49E-02

Eco

-6.82E+03

-4.58E+03

-8.47E+03

FF

1.24E+02

8.09E+01

4.84E+01

kg PM2.5
eq
CTUe
MJ
surplus
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Table 3.7.2. Cradle-to-grave impacts of 1 m2 footprint of the PPS using the default scenario
Impact category
Ozone depletion
Global warming
Smog
Acidification
Eutrophication
Carcinogenics
Non
carcinogenics
Respiratory
effects
Ecotoxicity
Fossil fuel
depletion

Unit
kg CFC11 eq
kg CO2
eq
kg O3 eq
kg SO2
eq
kg N eq
CTUh

Identifier

IX-5 [1 m2]

IX-6 [1 m2]

IX-7 [1 m2]

OD

3.99E-06

3.90E-06

4.35E-06

GW

2.27E+01

2.22E+01

2.43E+01

S

2.27E+00

2.20E+00

2.47E+00

A

1.11E-01

1.08E-01

1.18E-01

E
C

-5.28E-02
6.72E-07

-1.23E-01
6.54E-07

-7.95E-02
7.08E-07

CTUh

NC

-8.24E-07

-1.99E-06

-1.63E-06

R

1.54E-02

1.49E-02

1.60E-02

Eco

-1.29E+02

-2.12E+02

-1.82E+02

FF

4.23E+01

4.12E+01

4.56E+01

kg PM2.5
eq
CTUe
MJ
surplus

Table 3.7.3. Cradle-to-grave impacts of the LID system as constructed on the site and the SWM pond+traditional lot
needed to treat the IMAX site
Impact category
Ozone depletion
Global warming
Smog
Acidification
Eutrophication
Carcinogenics
Non
carcinogenics
Respiratory
effects
Ecotoxicity
Fossil fuel
depletion

Unit
kg CFC11 eq
kg CO2
eq
kg O3 eq
kg SO2
eq
kg N eq
CTUh
CTUh
kg PM2.5
eq
CTUe
MJ
surplus

Identifier

LID [3767 m2]

SWM Pond [390 m2]

Traditional Lot
[3593 m2]

OD

1.55E-02

1.48E-02

6.34E-03

GW

8.89E+04

4.99E+04

3.61E+04

S

8.82E+03

8.95E+03

4.82E+03

A

4.35E+02

4.98E+02

1.46E+02

E
C

-1.91E+02
2.62E-03

-5.01E+01
2.31E-03

2.46E+00
1.14E-03

NC

-3.41E-02

-9.37E-03

3.31E-04

R

5.94E+01

6.37E+01

8.68E+00

Eco

-1.36E+06

-4.99E+05

2.08E+04

FF

1.64E+05

1.69E+05

2.09E+04
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4.

LIFE CYCLE IMPACT ASSESSMENT: COMPARISON OF FIVE
METHODS IN THE CASE OF LOW-IMPACT-DEVELOPMENT (LID)
TECHNOLOGY
Akul Bhatt, Bassim E. Abbassi, Andrea Bradford
School of Engineering, University of Guelph. Guelph, Ontario, Canada.

[Abstract] A number of life cycle impact assessment (LCIA) methods are available to LCA practitioners. Their impact
scores differ however, and there is no consensus on which is the most appropriate method. This paper provides a brief
background on the following impact assessment methods: TRACI 2.1, ReCiPe H, IMPACT 2002+, CML-IA and
ILCD 2011+; and the following categories: global warming, ozone depletion, aquatic eutrophication, aquatic
ecotoxicity and human toxicity. The impact scores in the categories listed across all the five methods for a stormwater
management-based case study are compared. Global warming’s and ozone depletion’s impact scores across all the
methods are compared directly. The impacts of eutrophication and toxicity are compared after a harmonization attempt
using an emission factor equivalence coefficient (EFEC), which is the geometric mean of the ratio of the impacts of
all the common substances between any two methods. EFEC is also utilized to predict the impact score of all the
methods based on another method within the same impact category.
The global warming (GW) and ozone depletion (OD) impacts are consistent between all five methods (𝑠⁄𝑥̅ = 0.03
and 0.11 for GW and OD, respectively). The harmonized impacts of aquatic eutrophication are fairly consistent
(𝑠⁄𝑥̅ = 0.17) between the methods except for IMPACT 2002+, which significant underestimated the impacts. The
harmonized impacts of toxicity-based categories varied dramatically between the methods (𝑠⁄𝑥̅ = 0.60 and 0.62 for
aquatic ecotoxicity and human toxicity, respectively), which is attributed to the large number of substances included
in the categories and the differences in the fate and exposure models used to determine the impact factors. EFECderived predictions of impact scores also varied between the methods and categories, ranging from 0% to 277%
deviation from actual results. The analysis shows that EFEC, although a better coefficient of harmonization than a
conversion factor based on reference substances, does not fully capture the relative differences in weighting of
substances’ impacts assigned by each method. Further work is needed to rectify the large discrepancies in impact
scores between the methods. In the meanwhile, LCA practitioners need to be aware of the fact that the choice of impact
assessment method is likely to change their decisions in comparative LCAs.
Keywords: LCA; LCIA comparison; TRACI; ReCiPe; IMPACT 2002+; CML; ILCD; harmonization

4.1 Introduction
Life cycle assessment (LCA) is a technique to assess and compare the full environmental impacts of products or
services. Life cycle assessment has been discussed extensively in literature and is standardized by ISO 14040 and
14044 (ISO, 2006a, 2006b). Two of the four critical steps in LCA are life cycle inventorying (LCI) and life cycle
impact assessment (LCIA). The LCI phase is an accounting of all the resources needed to complete a process and the
waste products and emissions released by the process, and it changes based on the case study. The LCIA phase
quantifies the potential impacts of the inventory across a range of categories. Usually, LCA practitioners have a high
degree of freedom in their selection of processes with the most appropriate inventories based on the boundaries of
their case study. However, they have no influence on the impact factors assigned by an LCIA method. The choice of
LCIA method can significantly influence the decision-making process in comparative LCA studies however.
LCA has increasingly become an important tool to quantify the environmental impacts of stormwater management
(SWM) and green infrastructure (GI) implementation. LCA studies regarding SWM and GI have a consistent LCI, but
the LCIA method selection between the studies is inconsistent, making comparisons between conclusions of the
studies difficult. They also perform their assessment using a single LCIA method, and they do not discuss the LCIA
selection’s impacts on the conclusion of the study (Brudler et al., 2016; Flynn and Traver, 2013; Hengen et al., 2016;
Jeong et al., 2016; Kosareo and Ries, 2007; O’Sullivan et al., 2015). Some LCIA comparison studies reviewed (Table
4.1.1) have attempted to harmonize and compare the impacts between different LCIA methods across a range of case
studies. The general consensus is that there is little to no consistency between impact scores among the methods,
particularly for toxicity-based impact categories, and all harmonization attempts have failed to include the relative
impact weighting assigned to each relevant substance by the methods.
54

Table 4.1.1. LCIA method comparison studies
Authors
Owsianiak et al. (2014)
Martínez et al. (2015)

LCIA Methods
IMPACT 2002+; ReCiPe; ILCD
CML 2001; Eco-indicator 99;
Ecopoints 97; EDIP 97; EPS 2000;
IMPACT2002; TRACI

Dreyer et al. (2003)

EDIP 97; CML 2001; Eco-indicator 99

Monteiro and Freire (2012)

CED; CML 2001; Eco-indicator 99
CML 2000; Eco-indicator 99; EDIP; EPS;
Ecopoints 97
Stepwise 2006; IMPACT 2002+; EDIP 96;
Eco-indicator 99; CML 2001; TRACI 2;
ReCiPe; EPS 2000
IMPACT 2002+; TRACI; CML 2001
EDIP 97/2003; CML 2001; IMPACT
2002+; ReCiPe; ILCD
CML 2001; IMPACT 2002; EDIP 2003;
Eco-indicator 99; TRACI 2; ReCiPe;
Ecological Scarcity 2006
EDIP 97; CML 2001; IMPACT 2002

Renou et al. (2008)
Pizzol et al. (2011)
Landis and Theis (2008)
Bueno et al. (2016)
Cavalett et al. (2013)
Pant et al. (2004)

Case Study
Window alternatives
Wind turbine
UV-lacquer for wood
coating
Exterior walls of a house
Wastewater treatment
plant
Emissions of metals
Biofuels
Building wall
Biofuels
Laundry detergent

4.1.1
Study Objectives
LCA practitioners are usually unaware of the complexities behind LCIA models, and the LCIA developers do
not focus on the applications of the methods developed when creating the models. Assumptions in creating regional
models regarding background concentrations, exposure pathways, fate mechanisms, background conditions
(temperature, wind speed, rainfall characteristics, etc.) are just some of the parameters needed to determine the impact
factor, which LCA practitioners do not consider in choosing the correct LCA methodology. A brief background on
common LCIA methods and impact categories is discussed in section 4.1.2 and 4.1.3, respectively. The aim of the
review is to bridge the gap of knowledge between LCA practitioners and LCIA developers.
This study also compares the impact factors between the methods listed in section 4.1.2. The focus of comparison
is on midpoint characterization factors; endpoint factors, normalization values and weighting factors are not compared.
The methods’ impacts for each of the categories listed in section 4.1.3 are harmonized using the emission factor
equivalence coefficient (EFEC), defined in section 4.2.1. EFEC is utilized to compare the impacts for selected
categories (section 4.3.1 – 4.3.5) as well as to estimate the impacts of a method based on the impacts of another method
(section 4.3.6).
4.1.2
LCIA Methods
The selection of the LCIA methods is based on commonality of the categories compared as well as the popularity
of the methods (Bueno et al., 2016; Martínez et al., 2015; Owsianiak et al., 2014). Some of the methods have modeled
the endpoint-level impacts using multiple-vector environmental cause-effect chain mechanisms (EC-JRC, 2011;
Huijbregts et al., 2017), but only the midpoint categories are compared in this paper. All the methods’ impact factors
(aka characterization factors) were last updated in 2014, and they are summarized in Table 4.1.2. The impact factors
are obtained from SimaPro, as the inventorying of the case study is also done using SimaPro (using Ecoinvent v3
database)
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Table 4.1.2. LCIA methodologies’ background

1.11

PRé Consultants; CML ; RUN ;
RIVM14

2.12

EPFL15

3.02

CML12

Key Methodology
References
Bare, 2012, 2011; Bare
et al., 2003
Goedkoop et al., 2009;
Huijbregts et al., 2017
Humbert et al., 2012;
Jolliet et al., 2003
Guinée et al., 2002

1.05

EC-JRC16

EC-JRC, 2011

Method

Version #10

Developer

TRACI 2.1

1.02

USEPA11

ReCiPe
2008 H
IMPACT
2002+
CML-IA
ILCD
2011+

4.1.2.1

12

13

Origin
USA
Netherlands
Switzerland
Netherlands
Europe

TRACI 2.1

The Tool for the Reduction and Assessment of Chemical and other environmental Impacts (TRACI) is a midpoint
method developed by the United States Environmental Protection Agency (USEPA) that provides characterization
factors for various categories specifically for U.S. conditions. TRACI was deigned to represent potential impacts in
the U.S. using inventory data supplied by USEPA’s Greenhouse Gas Emissions database, USEPA’s National
Emissions Inventory (NEI) for Criteria Pollutants, US Department of Agriculture’s (USDA) Simulation of Nutrient
Losses, US Department of Energy’s (USDOE) Energy Consumption Estimates for fossil fuel depletion, USEPA’s
Toxics Release Inventory (TRI) and the USDOE National Renewable Energy Laboratory (NREL) life cycle inventory
(LCI) database (Bare, 2012).
The original version was released in 2002 (Bare et al., 2003). A comprehensive impact taxonomy study was
originated by the USEPA in 2008 (Bare and Gloria, 2008). A smaller, more manageable list of impact categories from
the more comprehensive list in the study was selected and expanded upon in TRACI 2. The list of substances was
expanded and the impact factors were updated in TRACI 2 in 2011 (Bare, 2011). The impact categories of ozone
depletion, climate change (global warming), acidification, eutrophication, smog formation, human health impacts
(respiratory, carcinogenic and non-carcinogenic) and ecotoxicity were included to maintain consistency with
USEPA’s existing regulations, policies, perceived importance and ease of modeling while still maintaining
comprehensiveness and applicability (Bare, 2012).
4.1.2.2

ReCiPe 2008 H

The ReCiPe method was created with the intention to synthesize the modelling principles and substance selection
of two previous methods: CML 2002 (midpoint method) (Guinée et al., 2002) and Eco-indicator 99 (endpoint method)
(Goedkoop and Spriensma, 2000). Eventually, most of the eighteen midpoint and three endpoint impact factors had
been redeveloped and updated (EC-JRC, 2010a; Goedkoop et al., 2009; Huijbregts et al., 2017). The categories of
global warming and ozone depletion have a global scope, while the categories of eutrophication and toxicity are
developed with a generalized European scale (i.e. the impact factors are based on the average European weather
conditions, background concentrations, population densities and hygienic conditions) (Goedkoop et al., 2009).
ReCiPe includes three sets of impact factors based on three different perspectives: individualist (I), based on shortterm, undisputed impacts; hierarchist (H), based on time frames which are used by most common global policies; and
egalitarian (E), the most precautionary, long-term time frames impacts which are not fully established (Goedkoop et

10

As listed in SimaPro 8
United States Environmental Protection Agency (EPA)
12
Leiden University - Institute of Environmental Sciences (CML)
13
Radboud University Nijmegen (RUN)
14
Netherlands National Institute for Public Health and the Environment (RIVM)
15
Swiss Federal Institute of Technology in Lausanne (EPFL)
16
European Commission - Joint Research Center (EC-JRC)
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al., 2009). The hierarchist (H) perspective’s impact factors are used as a basis of comparison to other methods in this
study.
4.1.2.3

IMPACT 2002+

IMPACT 2002+ is an endpoint method combining three methods: IMPACT 2002 (Pennington et al., 2005); Ecoindicator 99 (Goedkoop and Spriensma, 2000) and CML (Guinée et al., 2002). It consists of fourteen midpoint
categories and four endpoint categories. New concepts and methodologies had been developed for the categories of
human toxicity and eco-toxicity, especially with respect to oral exposures, intake fractions and dose-response slope
factors. The rest of the categories are adopted from the other methods. The impact factors by default are based on
Europe, though a multi-continental model exists (Rochat et al., 2006). Across all the categories (aside from global
warming), infinite time horizons are used to consider the long-term effects (Jolliet et al., 2003).
4.1.2.4

CML-IA

CML-IA is a midpoint method proposed by the Institute of Environmental Sciences (CML), Leiden University,
Netherlands (Guinée et al., 2002). Two sets of categories are available: 11 baseline categories, based on most
commonly-available categories among other methods, recommended for simplified studies and comparisons; and 50
extended (non-baseline) categories, which includes all the variations of existing impact categories (e.g. multiple time
spans, upper and lower bounds, etc.). The default, baseline method is selected as a comparison for select categories.
CML-IA was designed to restrict quantitative modeling to the early stages of cause-effect chain, particularly for
toxicity, to limit uncertainties. Human toxicity and eco-toxicity are based on the The Uniform System for the
Evaluation of Substances adapted for LCA purposes (USES-LCA) model (van Zelm et al., 2009). The impact factors
were designed using a global scale, with the exception of acidification and photochemical oxidation (both Europebased). Infinite time horizon is selected for all the categories included in this study, except for global warming, where
a 100-year time span is used due to large uncertainties associated with a longer time span (EC-JRC, 2010a).
4.1.2.5

ILCD Midpoint 2011+

Joint Research Center of the European Commission assessed several LCIA methodologies in order to harmonize
and reach to a consensus on the best method for each category. Based on the criteria of completeness of scope (spatial
and temporal boundary), environmental relevance, scientific robustness and certainty, transparency and
reproducibility, applicability (to general LCA practitioners), and stakeholder acceptance (recognition by global
organizations and policymakers), a recommendation of a midpoint method is made for each of the categories (ECJRC, 2011). The recommendation list is referred to as the International Reference Life Cycle Data System (ILCD)
method.
Almost all LCIA methods use GWPs (Global Warming Potential) published by IPCC (2013) and ODPs (Ozone
Depletion Potential) published by WMO (2014) for the categories of global warming and ozone depletion,
respectively; ILCD recommends the same methods. The ReCiPe method (Goedkoop et al., 2009; Huijbregts et al.,
2017) is recommended for midpoint assessment of aquatic eutrophication. The USEtox method (Rosenbaum et al.,
2008) is recommended for midpoint assessment of human toxicity and ecotoxicity. TRACI 2, uses the USEtox method
for both the categories (Bare, 2011). It is important to note that in a few categories, ILCD’s impacts would differ from
a method it recommends. This is because ILCD does not always include all the substances from a midpoint method
even if it recommends that method based on the criteria.
4.1.3
Impact Categories
Five midpoint impact categories are assessed and compared between all the methods: global warming, ozone
depletion, aquatic eutrophication, ecotoxicity and human toxicity. The category classification and the number of
substances included for each category are listed in Table 4.1.3. The impact factors of all five methods for global
warming and ozone depletion are based on globally-recognized consensus models utilizing global averages. The
comparison in these two categories is made to evaluate how close the final impact factors that LCA practitioners will
use are to each other. The eutrophication, ecotoxicity and human toxicity impacts are based on regionally-based
chemical pathways, fates and effects, and the impact factors associated with these three categories are likely
dramatically different between the methods. The water quality benefits associated with the case study analyzed also
have significant avoided impacts in these three categories (Bhatt et al., 2017), providing a strong incentive to compare
the impacts in these categories between the methods in order to observe if the method utilized in Bhatt et al. (2017)
overestimates or underestimates those impacts.
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4.1.3.1

Global Warming

Global warming or climate change refers to the warming of the earth that occurs due to anthropogenic emission of
greenhouse gases (IPCC, 2013). Midpoint assessor of global warming is based on temperature increase caused by
greenhouse gases, which depends on the residence time and the radiative forcing of the greenhouse gas (EC-JRC,
2011). Endpoint assessors of global warming range from effects on human health (e.g. increased heat stress,
malnutrition, malaria risk, etc.), risk of flooding to loss of biodiversity, depending on the environmental mechanism
(cause-effect chain) the method includes (Goedkoop et al., 2009).
All the methods compared in this study use the globally-recognized Bern model to quantify the global warming
potentials (GWP), a midpoint metric proposed by the International Panel on Climate Change (IPCC), in order to
quantify the impacts of greenhouse gases relative to CO2 (IPCC, 2013). The spatial boundary of the GWPs is global.
IPCC includes multiple impact time horizons as temporal boundaries. All the methods use the 100-year time horizon
as it is adopted by most international policies regarding global warming, including the Kyoto Protocol (EC-JRC,
2010a). ReCiPe H in SimaPro uses disability-adjusted life year (DALY) as a midpoint indicator of global warming by
applying a conversion of 1.4E-06 DALY/kg CO2-eq to all the GWP substances. While comparing ReCiPe’s impacts
to the other methods, it’s impacts are converted back to kg CO2-eq using the same conversion factor.
4.1.3.2

Ozone Depletion

Stratospheric ozone depletion refers to the thinning of the stratospheric ozone layer due to the release and
propagation of manmade chemicals (refrigerants, solvents, foam-blowing agents, etc.) into the atmosphere (WMO,
2014). Since the depletion of the ozone layer allows a higher proportion of UV and UVB wavelength lights to pass
through the earth’s atmosphere, a variety of impacts including the risk of skin cancer, cataracts, damage to crops,
plants and marine life are attributed to ozone layer depletion. This prompted the implementation of the Montreal
Protocol, an international treaty created to eliminate the production of ozone depleting substances (UNEP, 2003).
Like the GWP for the global warming category, there is a global consensus on the use of ozone depleting potentials
(ODP), a global midpoint method developed by the World Meteorological Organization (WMO), in order to determine
the relative steady-state importance of various substances’ impacts on the breakdown of the ozone layer (EC-JRC,
2010b; UNEP, 2003). The most recent ODPs’ are published by WMO (2014) and are used by all the methods included
in this study.
4.1.3.3

Aquatic Eutrophication

Aquatic eutrophication is the process by which aquatic plant species’ community changes to a more nutrientdemanding variety due to the addition of macro-nutrients (nitrogen and phosphorus) in the water. This presence of
macro-nutrients induces algae growth, which further changes aquatic life conditions by depleting oxygen in the water
bodies and filtering sunlight into the water (EC-JRC, 2010b). Often, phosphorus has more detrimental impacts on
freshwater lakes, and nitrogen is more detrimental to marine and coastal environments (Howarth et al., 2000). This is
not always true however; if enough of a previously limiting nutrient is added to a system, then it becomes no longer
the limiting factor (Norris, 2002).
Production of algae as a result of increased concentrations of the limiting macro-nutrient is a common midpoint
indicator (Bare et al., 2003). Damage to aquatic ecosystems and crops, loss of drinking water and effect on human
health are possible endpoint indicators (Bare et al., 2003; EC-JRC, 2010b; Guinée et al., 2002).Terrestrial
eutrophication is assessed using similar functions, but it’s limiting nutrient is airborne emission of NO X. Terrestrial
eutrophication is excluded from this study because TRACI 2.1, ReCiPe 2008 and IMPACT 2002+ only cover aquatic
impacts (Table 4.1.3). The eutrophication models used by TRACI 2.1 and ReCiPe are further described in Norris
(2002) and Helmes et al. (2012), respectively. Note that while ReCiPe H uses units of phosphorus (P) to quantify the
midpoint freshwater eutrophication impacts, it applies a constant conversion of 4.44E-08 species.yr/kg P-eq to
represent endpoint impacts, which is what is used in this study.
4.1.3.4

Ecotoxicity

This category includes the effect of toxic substances on terrestrial and aquatic ecosystems. In all the methods, the
characterization factors are based on the substances’ fate in the environment, their exposure to the species and the
likelihood of effects and severity in the species’ toxicological response to the substance (Bare, 2012; EC-JRC, 2011;
Guinée et al., 2002; Huijbregts et al., 2017; Jolliet et al., 2003).
58

Ecotoxicity fates and effects depend on a large number of toxic substances with a wide discrepancy between the
effects of each toxic substance. Multiple fate and exposure pathways further complicates the assessment of toxic
substances on ecosystems. The midpoints and endpoint assessors are inconsistent between the methods due to these
complexities. The midpoint indicator commonly used is comparative toxic units (CTU) or potentially affected fraction
integrated over time and volume per mass of toxic substance (PAF m3 d kg-1) (Bare et al., 2003; Jolliet et al., 2006;
Rosenbaum et al., 2008), although some use mass equivalents of a reference toxic substance (EC-JRC, 2011;
Goedkoop et al., 2009; Guinée et al., 2002; Jolliet et al., 2003). No endpoint method is recognized to be mature enough
to be recognized as ideal (EC-JRC, 2011). Note that while ReCiPe H uses units of 1,4-DB-eq17 to quantify the midpoint
ecotoxicity impacts, it applies a constant conversion of 1.51E-07, 8.61E-10 and 1.76E-10 species.yr/kg 1,4-DB-eq to
represent endpoint impacts of terrestrial, freshwater and marine ecotoxicity, respectively; the same conversion factor
is utilized here as well.
4.1.3.5

Human Toxicity

Human toxicity assessment, like ecotoxicity, is based on the fate, exposure and effect specifically on humans for
all the methods described in this study (Bare, 2012; EC-JRC, 2011; Guinée et al., 2002; Huijbregts et al., 2017; Jolliet
et al., 2003).. It includes additional oral exposure pathways, and the disease severity is classified into carcinogenic
and non-carcinogenic categories, although additional categories such as respiratory impacts from particulates are
included in some methods (Bare, 2011).
Models for human toxicity effects account for fate, exposure and response for midpoint categories and also
include severity of the response for endpoint categories. These parameters vary based on location and time, and their
implications are not fully realized in LCA applications (EC-JRC, 2010b). TRACI v1 used CalTOX for carcinogenic
and non-carcinogenic (McKone, 1993); TRACI v2 uses USEtox however (Rosenbaum et al., 2008). ReCiPe H uses a
constant conversion of 7E-07 DALY/kg 1,4-DB-eq for human toxicity, which is used in this study as well.
Table 4.1.3. Classification, exposure pathways and number of substances included in the impact categories of
interest for each of the methods
Category

Global
Warming/Climat
e Change

Ozone Depletion

17
18

Method
TRACI
2.1
ReCiPe
H
IMPAC
T 2002+
CML-IA
baseline
ILCD
2011+
TRACI
2.1
ReCiPe
H
IMPAC
T 2002+
CML-IA
baseline
ILCD
2011+

Pathway
(boundary)

Unit

Number of
Substances
Included

N/A18

Air

kg CO2-eq

94

N/A

Air

DALY

95

N/A

Air

kg CO2-eq

81

N/A

Air

kg CO2-eq

65

N/A

Air

kg CO2-eq

104

N/A

Air

N/A

Air

N/A

Air

N/A

Air

N/A

Air

Classification

1,4 dichlorobenzene
Not applicable
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kg CFC-11eq
kg CFC-11eq
kg CFC-11eq
kg CFC-11eq
kg CFC-11eq

96
25
95
23
23

TRACI
2.1
ReCiPe
H
Aquatic
Eutrophication

Ecotoxicity

Human Toxicity

IMPAC
T 2002+
CML-IA
baseline

Freshwater, marine
Freshwater, marine

Terrestrial, freshwater
and marine
Freshwater, marine

TRACI
2.1

Freshwater

ReCiPe
H

Terrestrial, freshwater
and marine

kg N-eq

30

Water, Soil

kg P-eq
(freshwater);
kg N-eq
(marine)

17

kg PO4 P-lim

41

kg PO4-eq

41

kg P-eq
(freshwater);
kg N-eq
(marine)

10 (freshwater);
13 (marine)

CTUe

22,706

Air, Water,
Soil

species.yr

20730 (terrestrial);
21319
(freshwater);
21220 (marine)
2,285 (terrestrial);
2,589 (aquatic)

Air, Water,
Soil
Air, Water,
Soil
Water, Soil in
freshwater;
Air, water and
soil in marine
Air, Water,
Soil

Freshwater

ILCD
2011+

Air, Water

IMPAC
T 2002+

Terrestrial; freshwater
and marine, combined

Air, Water,
Soil

kg TEG in
soil
(terrestrial);
kg TEG in
water
(aquatic)

CML-IA
baseline

Terrestrial and
freshwater, combined

Air, Water,
Soil

kg 1,4-DB-eq

845 (terrestrial);
853 (freshwater);
851 (marine)

ILCD
2011+

Freshwater

Air, Water,
Soil

CTUe

15,640

TRACI
2.1

Carcinogenic and noncarcinogenic

Air, Water,
Soil

CTUh

5,506
(carcinogenic);
4,048 (noncarcinogenic)

ReCiPe
H

Carcinogenic and noncarcinogenic, combined

Air, Water,
Soil

DALY

13,713

IMPAC
T 2002+

Carcinogenic and noncarcinogenic

Air, Water,
Soil

kg C2H3Cl-eq

3,475
(carcinogenic);
2,479 (noncarcinogenic)

CML-IA
baseline

Carcinogenic and noncarcinogenic, combined

Air, Water,
Soil

kg 1,4-DB-eq

865

ILCD
2011+

carcinogenic and noncarcinogenic

Air, Water,
Soil

CTUh

4,746
(carcinogenic);
3,438 (noncarcinogenic)
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4.2 Methodology
The eutrophication and toxicity-based impacts need to be harmonized for a direct comparison. A harmonization is
attempted using a conversion factor, named EFEC, described in section 4.2.1. The EFEC values derived for each of
the chosen categories is applied to compare the impacts of a low-impact-development (LID) stormwater management
(SWM) technology, described in section 4.2.2.
4.2.1
Impact Analysis and Comparison
For the categories of global warming and ozone depletion, the impacts from all the methods are directly
comparable since they all utilize the same source for their methodologies and substances (section 4.1.3.1, 4.1.3.2).
However, due to differences in boundaries, classifications, number of substances and units, a direct comparison
between the methods in the categories of eutrophication, ecotoxicity and human toxicity is difficult. The majority of
LCIA comparison studies reviewed (Table 4.1.1) have utilized some form of conversion factor to harmonize the
impact units of the methods compared. The conversion factor is determined by using the reference midpoint assessor
of a category. For example, freshwater ecotoxicity, whose most common reference substance is 1,4-dichlorobenzene
(1,4-DB), has a factor of 984 CTUe/kg 1,4-DB and 8.61E-10 species.yr/kg 1,4-DB for TRACI 2.1 and ReCiPe H,
respectively. In order to compare ReCiPe’s freshwater ecotoxicity impacts to TRACI 2.1’s, ReCiPe’s total freshwater
ecotoxicity impact value is multiplied by TRACI 2.1’s impact of the reference substance, 1,4-DB, normalized by
ReCiPe’s impacts of 1,4-DB, which happens to be 1.14E12 CTUe/species.yr. This impact factor conversion however
does not account for the wide discrepancy between the weight each method gives to a substance for each category.
When all of TRACI 2.1’s freshwater ecotoxicity impacts are normalized by ReCiPe’s, as done so in Figure 4.2.1, the
range of the conversion factor is from 40.2 to 2.3E19 CTUe/species.yr.
Instead of basing the conversion factor on a single reference substance, an emission factor equivalence coefficient
(EFEC), defined in eq.(2), is used in this study as a means of a quick and direct comparison between methods utilizing
different methodologies, boundaries and units. For any category, the EFEC captures each method’s relative weightings
for all the common substances instead of just one common substance.
𝑛

𝐸𝐹𝐸𝐶 = (∏
𝑖=1

𝐶𝐹𝑏𝑎𝑠𝑒,𝑖
)
𝐶𝐹𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛,𝑖

1
𝑛

(2)

The EFEC is determined by taking the geometric mean of the characterization factors of a base method, 𝐶𝐹𝑏𝑎𝑠𝑒,𝑖 ,
normalized by the comparison method’s characterization factors, 𝐶𝐹𝑐𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛,𝑖 , of all the substances 𝑖 common
between the base and the comparison method. Geometric mean is the preferred way to capture the average of the range
due to the wide discrepancy of the impact factors and due to their normalized nature (Fleming and Wallace, 1986).
For any category, the base method is the one with the largest number of substances. All the other methods are compared
against the base method. The category classification and the number of substances included for each category are
listed in Table 4.1.3. The number of common substances between the base method and the comparison method for
each of the categories and their respective EFEC is listed in Table 4.2.1.
It is recognized that capturing the outliers of the normalized impacts in determining the EFEC may skew the
EFEC value too far from the normalized reference impacts due to the relative enormity of the outliers, resulting in
unfair comparisons. Therefore, 2.5% of the common substances from the upper bounds and 2.5% of the common
substances from the lower bounds are cut off (Figure 4.2.1) to determine the 5% cut-off EFEC which does not skew
the impact factors to the point where relative impacts cannot be compared to other studies using a reference substance
as a point of comparison. The 5% cut-off EFEC of TRACI 2.1/ReCiPe method for the category of freshwater
ecotoxicity, shown in Figure 4.2.1, is 1.61E12 CTUe/species.yr, 29% higher than the conversion factor obtained using
the reference substance (from the example above). Higher differences between EFEC and the reference conversion
factor are observed however for other categories and/or methods.
For any impact category, comparison methods with a 5% cut-off EFEC value higher than the no-cut-off EFEC
value have a larger number of substances with a higher weighting from the base method compared to the comparison
method. Likewise, relatively lower 5% cut-off EFEC values have a larger number of substances with a higher
weighting from the comparison method.
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Although the EFEC values determined in this study are based on a base method a and a comparison method b, an
EFEC value between two comparison methods b and c in the same impact category can be estimated by dividing the
EFEC value converting method b’s impacts to method a’s (𝐸𝐹𝐸𝐶𝑏→𝑎 ) by the EFEC value converting method c’s
impacts to method a’s (𝐸𝐹𝐸𝐶𝑐→𝑎 ), both listed in Table 4.2.1 (Eq. (3)).
𝐸𝐹𝐸𝐶𝑏→𝑐 =

𝐸𝐹𝐸𝐶𝑏→𝑎
𝐸𝐹𝐸𝐶𝑐→𝑎

(3)

TRACI 2.1 Impact, normalized by
ReCiPe H [CTUe/species.yr]

1.E+19
1.E+17
1.E+15
1.E+13
1.E+11
1.E+09
1.E+07

TRACI 2.1/ReCiPe H
Freshwater Ecotoxicity Impact

1.E+05

5% cut-off EFEC

1.E+03

2.5% cutoff boundary

1.E+01
1.E-01

Figure 4.2.1. Ratio of TRACI 2.1’s to ReCiPe H’s freshwater ecotoxicity impact for all the common substances
between the two methods. A total of 15,389 common substances are presented here. The horizontal ‘5% cut-off
EFEC’ line represents the value obtained by using Eq. (2). The boundaries between the vertical ‘2.5% cut-off
boundary’ represents the substances included to determine the 5% cut-off EFEC
Table 4.2.1. Emission factor equivalence coefficients (EFEC) of the categories of eutrophication, ecotoxicity and
human toxicity

Category - Base
Method [Unit]

Aquatic
Eutrophication CML-IA [kg
PO4-eq]

Ecotoxicity –
TRACI 2.1
[CTUe]

Comparison
Method

# of Common
Substances

Emission
Factor
Equivalence
Coefficient
(EFEC)

TRACI 2.1

28

0.843

1.19

ReCiPe H

12

5.81E+07

6.85E+07

IMPACT 2002+

16

0.689

0.847

10

2.493

3.04

13

0.967

0.833

15,394

3.95E+10

2.62E+10

15,389

1.66E+12

1.61E+12

ILCD 2011+
(Freshwater)
ILCD 2011+
(Marine)
ReCiPe H
(Terrestrial)
ReCiPe H
(Freshwater)
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5% cutoff EFCC

EFEC Unit
kg PO4-eq/kg
N-eq
kg PO4eq/species.yr
kg PO4-eq/kg
PO4 P-lim
kg PO4-eq/kg
P-eq
kg PO4-eq/kg
N-eq
CTUe/species.y
r
CTUe/species.y
r

15,422

2.68E+12

4.16E+12

1,153

0.68

0.63

1,144

1,725.41

1053.36

775

30.47

30.01

CML-IA (Marine)

774

4.25

10.31

CML-IA (Terrestrial)

769

14210.89

7316.50

ILCD (Freshwater)
TRACI 2.1
(Carcinogenic)
TRACI 2.1 (Noncarcinogenic)
IMPACT 2002+
(Carcinogenic)
IMPACT 2002+
(Non-carcinogenic)

15,510

1.01

1

CTUe/species.y
r
CTUe/kg
TEG(water)
CTUe/kg
TEG(soil)
CTUe/kg 1,4DB-eq
CTUe/kg 1,4DB-eq
CTUe/kg 1,4DB-eq
CTUe/CTUe

4,016

2.713

2.521

DALY/CTUh

2,994

2.511

2.734

DALY/CTUh

1,449

2.35E-06

2.15E-06

957

1.22E-05

1.12E-05

CML-IA

535

3.24E-07

4.47E-07

ILCD (Carcinogenic)
ILCD (Noncarcinogenic)

3,370

2.4937

2.2941

DALY/kg
C2H3Cl-eq
DALY/kg
C2H3Cl-eq
DALY/kg 1,4DB-eq
DALY/CTUh

2,488

2.5293

2.6527

DALY/CTUh

ReCiPe H (Marine)
IMPACT 2002+
(Aquatic)
IMPACT 2002+
(Terrestrial)
CML-IA
(Freshwater)

Human Toxicity
- ReCiPe H
[DALY]

4.2.2 Case Study
The comparison case study includes the processes associated with the manufacturing of 1 m 2 of bioretention cell.
Details regarding the bioretention cell is found in Bhatt and Bradford (2017), where it is identified as IX-3. The
processes used to inventory the bioretention cell’s materials’ inputs and outputs are listed in Table 4.2.2. The processes
chosen for this study use a global average inventory tallied by the Ecoinvent v3 database.
Table 4.2.2. Material inventory in the construction of 1 m2 of bioretention
Material
Clay (soil mixture)
Concrete
Crushed gravel
Shrubs
HDPE pipe
PP geotextile liner
Sand (soil mixture)
Membrane module
Mulch

19

Process19
Clay {GLO}| market for | Alloc Def, S
Concrete, normal {GLO}| market for | Alloc Def, S
Gravel, crushed {GLO}| market for | Alloc Def, S
Miscanthus rhizome, for planting {GLO}| market for | Alloc Def,
S
Polyethylene, high density, granulate {GLO}| market for | Alloc
Def, S
Polypropylene fibres (PP), crude oil based, production mix, at
plant, PP granulate without additives EU-27 S System
Sand {GLO}| market for | Alloc Def, S
Ultrafiltration module {GLO}| ultrafiltration module production,
hollow fiber | Alloc Def, S
Wood chips, wet, measured as dry mass {RoW}| market for |
Alloc Def, S

As listed in SimaPro 8
63

Amount
49.5 kg
0.0411 m3
168.75 kg
1p
4.928 kg
0.35 kg
607.5 kg
0.067 p
3.25 kg

4.3 Results and Discussion
The global warming and ozone depletion impacts of the case study across all the methods are compared directly
as they are already harmonized (section 4.3.1, 4.3.2). The case study’s eutrophication, ecotoxicity and human toxicity
impacts across all the methods are compared by harmonizing the comparison methods’ impacts to the base method’s
impact using EFEC values determined in Table 4.2.1. For any category i and comparison method j, the total (summed)
harmonized impacts of all the processes n are the product of the comparison method’s total impacts in the original
form and the EFEC value for that particular category and method (Eq. (4)). The harmonized results of the case study
are compared and discussed in section 4.3.3 – 4.3.5. Section 4.3.6 discusses the accuracy of using EFEC in estimating
the impacts of a method based on another method’s impacts using the same case study.
∑ 𝐼𝑚𝑝𝑎𝑐𝑡𝑠ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑧𝑒𝑑,𝑖,𝑗 = 𝐸𝐹𝐸𝐶𝑖,𝑗 × ∑ 𝐼𝑚𝑝𝑎𝑐𝑡𝑠𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙,𝑖,𝑗
𝑛

(4)

𝑛

The advantage of using EFEC to harmonize is its ease of use and its capture of the relative weighting of a
substance’s impact assigned by the methods compared. The EFEC however excludes the substances which are not
common between the base method and the comparison method. It is also purely empirical; it does not take into
consideration the differences in the cause-effect mechanisms, exposure pathways, and spatial and temporal boundaries
assumed by the methods.
4.3.1
Global Warming
The global warming impacts for each method, compared in Figure 4.3.1, have an average GWP of 53 kg CO2-eq
with a standard deviation of 1.5 kg CO2-eq. As expected, all the methods’ impacts are equal, except for IMPACT
2002+, whose impacts are 5.5% lower compared to the average. Although IMPACT 2002+ obtains its GWP substance
list from the same sources as the remaining methods (IPCC, 2013), it underestimates the impacts of 72 out of 81
substances compared to the remaining methods, explaining its relatively lower impacts.
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GWP [kg CO2-eq]
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20
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0

TRACI 2.1

ReCiPe H

IMPACT
2002+

CML-IA

ILCD 2011+

Figure 4.3.1. Global warming potential impacts comparison between all the methods
4.3.2
Ozone Depletion
The ozone depletion impacts for each method, compared in Figure 4.3.2, have an average ODP of 3.73E-06 kg
CFC-11-eq with a standard deviation of 4.16E-07 kg CFC-11-eq. All the methods’ impacts are equal, except for
TRACI 2.1, whose impacts are 23% higher compared to the average. The impacts of group II ozone depleting
substances, which are the dominant form of ozone depleting substances in the case study’s inventory, are
overestimated by TRACI 2.1 compared to the remaining methods. TRACI 2.1 uses ODPs obtained by the USEPA
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(2017), which although consistent with WMO (2014), are not identical. The differences in impacts are likely to change
based on the case study. Martínez et al. (2015) and Cavalett et al. (2013), for example, observed consistent ODP
impacts from TRACI compared to other methods.

5.0E-06
4.5E-06

ODP [kg CFC-11-eq]

4.0E-06
3.5E-06
3.0E-06
2.5E-06
2.0E-06
1.5E-06
1.0E-06

5.0E-07
0.0E+00

TRACI 2.1

ReCiPe H

IMPACT
2002+

CML-IA

ILCD 2011+

Figure 4.3.2. Ozone depletion potential impacts comparison between all the methods
4.3.3
Aquatic Eutrophication
Aquatic eutrophication is compared by using CML-IA as the base method for comparison. CML-IA is chosen as
the base method because it has the largest number of substances included, the largest number of classifications and
the most extensive exposure pathways (Table 4.1.3). Comparisons of aquatic eutrophication using the EFEC (Table
4.2.1) are presented in Figure 4.3.3.
With the exception of IMPACT 2002+, the impacts of all the methods are comparable. The average (and standard
deviation) of the impacts with and without IMPACT 2002+ is 0.073 (0.037) kg PO 4-eq and 0.090 (0.015) kg PO4-eq,
respectively. Among the remaining four methods’ impacts, CML-IA’s impacts are the lowest, likely due to several
reasons. The environmental relevance of each substance’s source in CML-IA is low, and fate modeling of the
substances is also missing (EC-JRC, 2011). Hence, the impact factors for each substance in CML-IA are the same for
each substance regardless of their exposure pathway (air, water, soil). ILCD 2011+’s and ReCiPe’s impacts are similar
because ReCiPe is the recommended method picked by EC-JRC (2011) for both marine and freshwater eutrophication.
ReCiPe and TRACI 2.1’s impacts are more comparable using the 5% cut-off EFEC. This is because both ReCiPe and
TRACI 2.1 have a higher-than-average impact characterization factor for some substances compared to the base
method (CML-IA) that are removed by the 2.5% cut-off at the tail end.
IMPACT 2002+’s impacts are 95% lower compared to the average of the group. This is due to its classification of
eutrophication (Table 4.1.3). All the methods consider phosphorus (P) as the limiting nutrient in freshwater systems
and nitrogen (N) as the limiting nutrient in marine systems. Impacts of marine eutrophication outweigh the impacts of
freshwater eutrophication. Like most other methods, IMPACT 2002+ categorizes aquatic eutrophication into Nlimited and P-limited systems. Unlike most methods however, IMPACT 2002+ does not combine these systems; the
characterization factors for a P-limited system are applied by default. Therefore the impacts of N-based substances
are not included (Humbert et al., 2012; Jolliet et al., 2003). IMPACT 2002+ and CML both obtain their eutrophication
characterization factors from Hauschild and Wenzel (1998). IMPACT 2002+ however, as discussed, does not include
the N-limited characterization factors, so the difference between CML and IMPACT 2002+’s aquatic eutrophication
impacts (91%) can be attributed to marine eutrophication. Only the default characterization factors are included in
popular LCA tools such as SimaPro and GaBi. LCA practitioners need to be aware of this limitation when quantifying
eutrophication potential using IMPACT 2002+.
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A similar trend was observed in other studies. Owsianiak et al. (2014)’s comparison of aquatic eutrophication
between ReCiPe, ILCD and IMPACT 2002+ in a case study of window alternatives showed that ReCiPe’s and ILCD’s
impacts were identical, and IMPACT 2002+’s impacts were 75% lower. Cavalett et al. (2013)’s comparison of aquatic
eutrophication between TRACI 2, ReCiPe H, IMPACT 2002+ and CML in the case of biofuels showed very similar
results. The units in their assessment of midpoint categories were not harmonized and therefore not directly
comparable. However, by applying the EFEC found in this study, IMPACT 2002+’s impacts are 90% lower compared
to the average of the remainder of the methods

Aquatic Eutrophication [kg PO4-eq]
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IMPACT
2002+

CML-IA

ILCD 2011+

Figure 4.3.3. Aquatic eutrophication potential impacts comparison between all the methods (CML-IA is the base
method) using the EFEC. The error line represents the impacts using the 5% cut-off EFEC
4.3.4
Aquatic Ecotoxicity
Aquatic ecotoxicity impacts are compared by using TRACI 2.1 as the base method for comparison. TRACI 2.1 is
chosen as the base method because it has the largest number of substances included (Table 4.1.3). Comparisons of
aquatic ecotoxicity using the EFEC (Table 4.2.1) are presented in Figure 4.3.4.
The average impact score across all the methods is 765 CTUe with a standard deviation of 457 CTUe. TRACI 2.1
has the lowest impacts as USEtox, the consensus model used by TRACI 2.1 in the impact determination of ecotoxicity
and human toxicity, only includes freshwater ecotoxicity (Norris, 2002). ILCD 2011+’s impacts are similar to TRACI
2.1’s as USEtox is the method picked by EC-JRC (2011) for freshwater ecotoxicity; no recommendation is made for
marine ecotoxicity. IMPACT 2002+’s impacts are the highest, which can be attributed to the higher-than-average
characterization factor it assigns to metals, aluminum in particular found in sand, concrete and gravel. These impacts
do not get attenuated using the 5% cut-off EFEC because aluminum’s EFEC is not within the top 2.5% cut-off margin.
CML’s higher-than-average impacts are associated with it’s higher impact weighting of hydrogen fluoride from
concrete and HDPE pipe. The impacts using the 5% cut-off EFEC are lower for almost all the comparison methods,
suggesting that TRACI 2.1 has higher impact weighting for the ‘fringe’ substances (i.e. the substances at the tail ends
in Figure 4.2.1) compared to the other methods.
While IMPACT 2002+ combines the freshwater and marine ecotoxicity impacts into a single category, ReCiPe
and CML-IA have separated those categories. When the freshwater and marine ecotoxicity impacts of ReCiPe and
CML-IA are analyzed separately, freshwater impacts contribute only 23% of the total aquatic impacts for ReCiPe,
while they contribute 76% of the total aquatic impacts for CML. This is because ReCiPe has lower impact factors for
freshwater ecotoxicity for ¾ of the substances common between these two methods.
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Landis and Theis (2008)’s comparison of ecotoxicity between IMPACT 2002+, TRACI and CML-IA using the
reference substance 2,4-dichlo-rophenoxyacetic acid (2,4-D) in the case of biofuels showed a similar trend. CMLIA’s impacts were ~3 times higher than TRACI’s, and IMPACT 2002+’s impacts were significantly higher than the
both. Cavalett et al. (2013) also observed similar results in their comparison of aquatic ecotoxicity once EFEC was
applied to their results for a direct comparison. Owsianiak et al. (2014)’s comparison of ReCiPe and IMPACT 2002+
showed that IMPACT 2002+’s impacts were 2 orders of magnitude higher than ReCiPe’s.
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Figure 4.3.4. Aquatic ecotoxicity potential impacts comparison between all the methods (TRACI 2.1 is the base
method) using the EFEC. The error line represents the impacts using the 5% cut-off EFEC
4.3.5
Human Toxicity
Human toxicity impacts are compared by using ReCiPe H as the base method for comparison. ReCiPe is chosen
as the base method because it has the largest number of substances included (Table 4.1.3) and it combines the
carcinogenic and non-carcinogenic impacts, making EFEC harmonization possible with other methods also using
combined impacts. Comparisons of human toxicity using the EFEC (Table 4.2.1) are presented in Figure 4.3.5.
The average (and standard deviation) impact score across all the methods 1.65E-5 (1.03E-5) DALYs. TRACI 2.1
has the highest impacts, followed by ILCD 2011+, IMPACT 2002+, ReCiPe H and CML-IA. Metals are the highest
contributor to the impact across all the methods. ReCiPe H’s and CML-IA’s impacts are similar because they both
use the same underlying model, USES-LCA (van Zelm et al., 2009), to determine the human toxicity impacts.
Although EC-JRC (2011) recommends USEtox for human toxicity, the impacts of ILCD 2011+ and TRACI 2.1 are
not equal to each other. This is due to version discrepancies of USEtox used by TRACI 2.1 and ILCD 2011+. USEtox
version used by TRACI 2.1 is more recent compared to ILCD’s and assigns higher impact factors to some metals
(chromium (IV) emitted to water in particular). Using the 5% cut-off EFEC attenuates the impacts of those substances
with the higher weighting
TRACI 2.1, IMPACT 2002+ and ILCD 2011+ offers separate characterization factors for carcinogenic and noncarcinogenic human toxicity impacts, compared in Figure 4.3.6. The average (and standard deviation) impacts using
the no-cut-off EFEC and the 5% cut-off EFEC are 7.88E-6 (3.58E-6) DALYs and 4.80E-6 (7.53E-7) DALYs,
respectively. This makes up 48% and 31% of the total human toxicity impacts, respectively. Using the 5% cut-off
EFEC discards the carcinogenic impacts of chromium in TRACI 2.1’s to match ILCD 2011+’s and IMPACT 2002+’s
carcinogenic impacts.
Owsianiak et al. (2014)’s comparison of IMPACT 2002+, ReCiPe H and ILCD 2009 show that ReCiPe H and
ILCD 2009 impacts are comparable to this study’s results. IMPACT 2002+’s impacts are about 1 order of magnitude
higher than ILCD 2009’s impacts. This is attributed to IMPACT 2002+’s higher weighting of 2,3,7,867

Tetrachlorodibenzo-p-dioxin (TCDD) compared to ILCD’s and the relatively lower emission of these substance in
this study compared to theirs. Other studies have also observed that human health impacts are difficult to compare due
to fundamental different approaches the methods take to quantify the impact factors and the weighting they assign to
each substance class (Bueno et al., 2016; Landis and Theis, 2008). Even within the same study, drastically different
decisions were made regarding which case study yields the lowest impact based on the impact method chosen (Pizzol
et al., 2011).
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Figure 4.3.5. Human toxicity potential impacts comparison between all the methods (ReCiPe H is the base method)
using the EFEC. The error line represents the impacts using the 5% cut-off EFEC
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Figure 4.3.6. Human toxicity potential impacts comparison from carcinogenic substances using the EFEC. The
error line represents the impacts using the 5% cut-off EFEC
4.3.6
Actual vs EFEC-derived Impacts Comparison
For each category utilizing EFEC for harmonization, the comparison methods’ impacts of the case study are backcalculated from the base method’s impacts using EFEC and compared to the comparison methods’ actual impacts
(Table 4.3.1) in order to gauge the accuracy of EFEC in predicting a method’s impacts based on another method. The
base method is used to predict the remaining methods’ impacts in this case, though any method can be used as a
predictor of the remaining methods’ impacts by determining the predictor method’s EFEC using Eq. (3).
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The accuracy of the EFEC-derived values, listed in Table 4.3.1, varies from good (0.3% - 1% difference between
the actual and the estimated results) to poor (209% - 277% difference between the actual and the estimated results).
The prediction of IMPACT 2002+’s aquatic eutrophication impacts are off by greater than 1000% due to the
limitations of IMPACT 2002+’s eutrophication classification (section 4.3.3). The base method, CML-IA is a better
predictor of TRACI 2.1’s eutrophication impacts (26% difference) than ReCiPe H’s (264% difference) and ILCD
2011+’s (277% difference) impacts. The estimation of aquatic ecotoxicity impacts using the base method TRACI 2.1
fared better, with the highest estimation errors associated with ReCiPe H (47% difference) and IMPACT 2002+ (80%
difference). CML-IA and ILCD 2011+ had a 2% and a 1% difference between the actual and the estimated impacts,
respectively. Similarly, the estimation of human toxicity impacts using the base method ReCiPe H had a 44%, 34%
and 41% difference between the actual and the estimated impacts for TRACI 2.1, CML-IA and ILCD 2011+,
respectively. The difference was only 7% for IMPACT 2002+ however.
EFEC’s estimations were off by less than 50% in 8 out of 12 impact comparisons. They were off by greater than
200% in 3 out of 12 impact comparisons however. These results suggest that EFEC is inconsistent in reliably
predicting a method’s impact based on another method for any of the categories compared. These results are not
surprising considering the wide discrepancy of impact weighting assigned by each method (section 4.2.1). If the
inventory of the case study includes substances with a higher or lower weightings between any two methods
(substances at the left or right tail ends in Figure 4.2.1), the EFEC-derived results will be lower or higher compared
to the actual results. EFEC also excludes substances which are not common between the base method and comparison
method, which may skew the results even further. The difference between actual and EFEC-derived results are also
likely to vary considerably between case studies due to differences in the inventories.
Table 4.3.1. Comparison of actual impacts and EFEC-derived impacts
Aquatic Eutrophication
Base Method (Impact)

Comparison
Method #1

Comparison
Method #2

Comparison
Method #3

Comparison
Method #4

CML-IA (0.067 kg PO4-eq)

Aquatic Ecotoxicity
TRACI 2.1 (281.5
CTUe)

Human Toxicity
ReCiPe H (7.02E06 DALY)
TRACI 2.1
[CTUh]

Method [Unit]

TRACI 2.1 [kg N-eq]

ReCiPe H [species.yr]

Actual Impact

0.106

3.21E-10

9.55E-06

0.079 (-26%)

1.69E-10 (-47%)

5.38E-06 (-44%)

0.056 (-47%)

1.75E-10 (-47%)

5.35E-06 (-44%)
IMPACT 2002+
[kg C2H3Cl-eq]
3.32

Impact Using EFEC
(% Difference)
Impact using 5%
cut-off EFEC (%
Difference)
Method [Unit]

ReCiPe H [species.yr]

Actual Impact
Impact Using EFEC
(% Difference)
Impact using 5%
cut-off EFEC (%
Difference)

3.15E-10

IMPACT 2002+ [kg
TEG(water)]
2,105

1.15E-9 (264%)

413.9 (-80%)

3.56 (7%)

9.71E-10 (208%)

448.2 (-79%)

3.90 (17%)

Method [Unit]

ILCD 2011+ [kg P-eq]

CML-IA [kg 1,4-DBeq]

CML-IA [kg 1,4DB-eq]

Actual Impact

0.007

9.04

16.2

0.027 (277%)

9.24 (2%)

21.6 (34%)

0.022 (209%)

9.38 (4%)

15.7 (-3%)

IMPACT 2002+ [kg PO4 Plim]

ILCD 2011+ [CTUe]

ILCD 2011+
[CTUh]

Impact Using EFEC
(% Difference)
Impact using 5%
cut-off EFEC (%
Difference)
Method [Unit]
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Actual Impact
Impact Using EFEC
(% Difference)
Impact using 5%
cut-off EFEC (%
Difference)

4.79E-3

282.4

9.55E-06

0.097 (1917%)

279.0 (-1%)

5.59E-06 (-41%)

0.078 (1540%)

281.5 (-0.3%)

5.70E-06 (-40%)

4.4 Conclusion
The global warming and ozone depletion impact categories, already harmonized by all the methods, were
compared directly, and it was found that their impacts were comparable for the present case study. The consistency in
midpoint impacts for the categories of global warming and ozone depletion allows for a direct comparison of endpoint
impacts of these two categories, which would be a recommended next step to further LCIA comparison discussion.
The impacts of aquatic eutrophication, with the exception of IMPACT 2002+, were fairly consistent between all
the methods after harmonization using EFEC. The number of substances having an impact on eutrophication was
relatively low (17 – 41) for all the methods, and the classification of substances was also uniform (nitrogen and
phosphorus-based substances in water), which explains EFEC’s ability to yield consistent results in the comparison
of harmonized results. EFEC was a poor predictor of aquatic eutrophication impacts however. EFEC-derived impacts
were up to 3.85 times higher than actual impacts for some methods. For the categories of aquatic ecotoxicity and
human toxicity, harmonized results between the methods varied dramatically. Both the categories have a large number
of substances included (~20,000 for aquatic ecotoxicity; ~10,000 for human toxicity), and the classification of
substances includes particulate matter, organic chemicals, nutrients and metals, among others. EFEC does not have
the ability to capture the relative weightings of all these substances. However, EFEC proved to be a better predictor
of impacts of these two categories compared to the impacts of eutrophication. An 80% and 44% relative difference
was the largest observed discrepancy between actual and EFEC-derived impacts.
Ultimately, EFEC has proven to be inconsistent in predicting a method’s impact based on another method because
it does not provide a physically-based means of comparison. All the case studies reviewed (Table 4.1.1) also found
little to no agreement between the methods’ eutrophication or toxicity-related impacts. For a decision-making,
comparative case study, some studies have shown that the alternative with the lowest environmental impacts remains
the same regardless of the method chosen (Owsianiak et al., 2014), while other studies have demonstrated that the
alternative changes based on the method (Cavalett et al., 2013; Dreyer et al., 2003; Pant et al., 2004; Pizzol et al.,
2011).
None of the methods are poor performers in the categories used in this study as they are all scientifically sound.
Differences in impacts in the categories of eutrophication and toxicity arise mostly due to different assumptions made
regarding background conditions, chemical fates and exposure pathways, and the geography. This study demonstrates
the need for a more detailed analysis of the underlying causes of the differences observed, particularly in toxicityrelated impacts. LCA practitioners also need to be aware of regional specificity when picking an LCIA method, and
that their LCIA choice may influence their decision among alternatives. As there is no consensus on which method
provides the most accurate estimates of impacts, it is advised to use a method which was developed in a region close
to the case study’s, and/or use the method which is the most popular in the research field to allow for a direct
comparison between results.
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5. CONCLUSIONS & RECOMMENDATIONS
Life Cycle Assessment (LCA) was used to estimate the cradle-to-grave environmental impacts of the low-impactdevelopment (LID) stormwater management (SWM) systems retrofitted at the IMAX headquarters parking lot in
Mississauga, ON. The hydrologic and water quality performance of the LIDs over a 3-year monitoring period were
used to estimate the potential benefits provided by the LIDs. The main conclusions of the study as well as future
recommendations are outlined below.

5.1 LID Performance
The key findings from monitoring the performance of the bioretention cells (Chapter 1) and the permeable pavements
(Chapter 2) at the IMAX site are:
1) The bioretention cells and permeable pavements (PPS) have met the hydrologic and water quality objectives
without restricting the flows from their underdrains
2) The lowest volume reductions (and subsequently, contaminant load reductions) were observed during high
volume and high intensity events
3) Undersized bioretention cell did not limit the reduction of volume and effluent even mean concentrations (EMCs)
significantly. Although further research is needed to verify these observations. If possible, bioretention size should
be minimized to reduce its life cycle environmental costs
4) No differences in effluent water quality were observed between the PPS with the shallower, granular ‘O’
aggregate and the deeper, 20 mm clear stone aggregate
5) The difference in the hydrologic performance between the two aggregate types is inconclusive, as the presence
of subsurface flow into the system with the granular ‘O’ aggregate makes it difficult to compare its volume
reduction to the others
6) Data from the partial monitoring during the winter months (Dec – Mar) suggests that the water quality
performance of bioretention and PPS is not significantly affected during the winter months
7) Removal of accumulated snow was not monitored, making any definitive conclusions about the LIDs’ winter
hydrologic performance difficult. Though, literature suggests a slight reduction in hydrologic performance during
the colder months, which mirrors the winter observations of this study

5.2 Life Cycle Environmental Costs of LIDs
The key findings from estimating the environmental life cycle impacts of the LIDs (Chapter 3) are:
1) The environmental impacts of construction and decommissioning of bioretention and PPS are similar on a
functional unit of “1 m2 of LID”, but the bioretention impacts are significantly lower compared to the PPS’ on a
functional unit of “1 m2 of drainage area treated”
2) The manufacturing of materials needed for LID construction accounts for approximately half of the total impacts
3) The water quality benefits offered by the LIDs provide significant avoided impacts (benefits) in the categories of
eutrophication, non-carcinogenic human toxicity and ecotoxicity
4) The summed LID impacts are ~20% lower compared to the impacts of a stormwater management (SWM)
detention pond. The benefits offered by the LIDs are also ~300% higher than the detention pond’s
5) The LIDs’ impacts normalized by per-capita Canadian impacts reveal that the negative impacts of LIDs are
insignificant in all the categories except for carcinogenic human toxicity
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6) The benefits offered by the LIDs during their operational phase are proportional to their lifespan. Regular
maintenance of LIDs results in a longer operational life, and is, therefore, highly recommended, as a properlyfunctioning LID’s benefits significantly outweigh the impacts of regularly maintaining it

5.3 Comparison of Life Cycle Impact Assessment (LCIA) Methods
The key findings from harmonizing and comparing the impacts obtained from various life cycle impact assessment
(LCIA) methods (Chapter 4) are:
1) There is good agreement on the impacts in the categories of global warming potential and ozone depletion
potential among all the methods compared; a fair agreement in the category of eutrophication; and a poor
agreement in the categories of human toxicity and ecotoxicity
2) Using the emission factor equivalence coefficient (EFEC) yields inconsistent prediction of impacts in one method
from another method, and it is likely to change based on the inventory of the case study
3) The choice of LCIA method can significantly change the impact score of any case study, and currently, there is
no consensus on which of the methods is the “best”
4) It is advised to use a method which was developed in a region close to the case study’s (to assert regional validity),
and/or use the method which is the most popular in the research field to allow for a direct comparison between
results

5.4 Recommendations
A few recommendations to further research to fully gauge the environmental implications of LIDs are:
1) Monitor snow removal and salt application during the winter months to draw more reliable conclusions regarding
winter hydrological and water quality performance
2) Apply a more interdisciplinary approach to studying the effects of LID to gain a more holistic understanding of
their impacts by:
a)

Quantifying the effects of stream flow regimes, stream temperature, increased turbidity, stream degradation
on aquatic and plant life

b) Estimating the air pollutant removal and carbon sequestration potential of vegetative LIDs
c)

Estimating the impacts of mass implementation of green infrastructure (GI) in an urban setting on the ambient
daytime temperatures to assess the potential benefits of GI implementation towards the reduction of the urban
heat island effect

3) Use the more region-specific LCIA method Used for a CAnadian-Specific context (LUCAS)20 method developed
by the International Reference Centre for the Life Cycle of Products, Processes and Services (CIRAIG) to estimate
the life cycle impacts in future LCA studies in a Canadian context

20

Toffotetto, L., Bulle, C., Godin, J., Reid, C., Deschênes, L., 2006. LUCAS - A New LCIA Method Used for a
Canadian-Specific Context. Int. J. Life Cycle Assess. 12, 93–102.
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