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EXECUTIVE SUMMARY 
Project Overview. This report summarizes the methods and results of data collected 
from a study of three stormwater treatment technologies that were installed at three 
boatyards around Puget Sound. These three technologies include (1) the StormwateRx 
Aquip™ (Aquip) installed at the Port of Edmonds Boat Workyard, (2) the Siemens Water 
Technologies Wastewater Ion Exchange (WWIX) Services installed at the Canal 
Boatyard, and (3) the Water Tectonics, Inc. Wave Ionics™ Electro-Coagulation System 
Treatment (Wave Ionics) installed at CSR Marine. Each technology was installed to treat 
runoff from approximately one to two acres of predominately impervious surfaces where 
boats are maintained and serviced. The Northwest Marine Trade Association (NMTA), 
Puget Soundkeeper Alliance (PSA), and Washington State Department of Ecology 
(WSDOE) collaborated on the study to assess the ability of the different technologies to 
remove contaminants, especially metals and TSS, from the boatyards’ stormwater runoff. 
A steering committee comprised of members and representatives from the NMTA, PSA 
and Ecology was put together to oversee the study.  
 
Technology Description. This section includes brief descriptions of the three 
technologies evaluated. More complete descriptions of each technology can be found at 
their respective websites which are listed below. 

(1) StormwateRx® Aquip™ (www.stormwaterx.com). The Aquip is a passive 
adsorptive filtration technology designed specifically for reduction of stormwater 
pollutants such as turbidity and metals from industrial sites, including boatyards. The 
overall treatment capacity of the Aquip system installed in the Edmonds Boat 
Workyard was 5.4 gallons per minute (gpm). 
(2) Siemens Water Technologies, Inc. Wastewater Ion Exchange Systems 
(www.water.siemens.com). The WWIX utilizes ion exchange resins and other media 
to remove specific ionic contaminants such as metals from stormwater and 
wastewater. The overall treatment capacity of the system installed at the Canal 
Boatyard was 10 gpm. 
(3) Water Tectonics, Inc. Wave Ionics™ Electro-Coagulation System Treatment 
(www.watertectonics.com). The Wave Ionics is an electro-coagulation system that 
uses electrical current to coagulate particles by forcing contaminated water to flow 
between closely spaced metal plates across which an electrical potential is applied. 
The overall treatment capacity of the system installed at CSR Marine was 50 gpm. 
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Sampling Approach. Rainfall and water quality data were collected for seven storm 
events for the Aquip and WWIX, and four storm events for the Wave Ionics between 
November 2007 and February 2008. Influent and effluent samples were collected at 
discrete flow rates of approximately 5.4 gpm for the Aquip, 13.5 gpm for the Wave 
Ionics, and 10 gpm for the WWIX using automated water quality samplers. Samplers 
were programmed to collect grab and time-paced composite samples, which were 
submitted for total suspended solids (TSS) and total and dissolved copper (Cu), lead (Pb) 
and zinc (Zn) analysis.  
 
Effluent Concentrations relative to discharge criteria. Effluent data for the three 
technologies were compared to discharge criteria set by the pilot study steering 
committee for total and dissolved copper, lead, and zinc. The steering committee did not 
establish a discharge criterion for TSS. The effluent results are summarized in the table 
below. The results generally indicate the technologies performed better in the removal of 
total and dissolved lead and zinc than total and dissolved copper. 

Table i. Percent of effluent results that met the discharge criteria. 

 
Discharge 
Criteria 

Aquip 
(n=28) 

Wave Ionics 
(n=15) 

WWIX 
(n=28) 

Cu 10 µg/L 57.1 0.0 64.3 
Pb 100 µg/L 100 86.7 100 
Zn 100 µg/L 82.1 60 100 
Cu, diss. 10 µg/L 75.0 26.6 78.6 
Pb, diss. 10 µg/L 100 100 100 
Zn, diss. 100 µg/L 85.7 100 100 
 
Pollutant reduction. Percent pollutant reduction for each parameter was calculated for 
the three technologies. Total inflow was equal to the total outflow for the Aquip and 
WWIX technologies due to the design of the technologies and the sampling approaches. 
As a result, the concentration reduction is equivalent to a mass loading reduction for 
these technologies on an event basis. Because of the large size, detention volume, and 
resulting sampling approach for the Wave Ionics the inflow was not equal to the outflow.  
 
The average percent pollutant reduction for the grab and the composite samples for each 
technology are summarized in the table below. Overall removal rates ranged from 59.9 to 
98.0 percent for Aquip, -92.6 to 97.8 percent for the Wave Ionics, and 75.8 to 99.0 
percent for the WWIX. 
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Table ii. Average percent pollutant reduction for grab and composite samples for each technology. 

Aquip Wave Ionics WWIX 
 

Grab Comp Grab Comp Grab Comp 
Cu 98.0 94.9 38.0 94.8 99.0 99.2 
Pb 94.4 62.3 39.2 95.7 97.1 97.3 
Zn 73.8 59.9 0.6 92.0 96.4 97.3 
Cu, diss. 94.2 93.4 96.9 85.6 98.4 98.7 
Pb, diss. N/A1 N/A 83.0 70.2 81.3 75.8 
Zn, diss 66.9 58.1 97.8 92.5 96.7 97.2 
TSS 94.7 83.5 -92.6 80.3 91.5 95.1 
1 All influent and effluent dissolved lead results from the Aquip were below the 
laboratory method detection limit. 
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1.0 PROJECT OVERVIEW 
Stormwater that flows across boatyards can pick up debris and contaminants from the 
yard and surrounding areas and carry these into nearby water bodies. Of particular 
concern are metals such as copper, lead, and zinc. Copper, which is used in boat paint to 
deter plant and animal growth on boats, can have a lethal and sublethal effect on 
salmonid species.  
 
The Washington State Department of Ecology (Ecology) has issued a National Pollutant 
Discharge Elimination System (NPDES) Boatyard General Permit to provide pollutant 
control of pressure wash wastewater and stormwater runoff from boatyards. In 2005, 
Ecology reissued the NPDES Boatyard General Permit which included benchmarks for 
copper, lead and zinc levels (Ecology 2005). Both the Northwest Marine Trade 
Association (NMTA) and the Puget Soundkeeper Alliance (PSA) appealed the permit, 
and in July 2007 reached a settlement with Ecology. The settlement funded a pilot study 
to determine the effectiveness of treatment for boatyard stormwater runoff. A steering 
committee comprised of members and representatives from the NMTA, PSA and 
Ecology was put together to oversee the study. 
 
Three technologies were selected for the pilot study and were installed at three boatyards 
around Puget Sound. The technologies included (1) the StormwateRx® Aquip™ (Aquip), 
a passive adsorptive filtration system installed at the Port of Edmonds Boat Workyard, 
(2) the Siemens Water Technologies Wastewater Ion Exchange (WWIX) Services, an 
ionic exchange system installed at the Canal Boatyard, and (3) the Water Tectonics Wave 
Ionics™ Electro-Coagulation System Treatment (Wave Ionics)  installed at CSR Marine. 
The objective of this study, as outlined in the settlement agreement, was to “evaluate the 
performance of various technologies to reduce the levels of metals, particularly lead, 
copper, and zinc” (NMTA et al 2007). This was accomplished by collecting influent and 
effluent samples at a discrete flow rate for each technology during storm events between 
November 2007 through February 2008. This report summarizes the technologies, 
sampling methods, and results of data collected during this study. 

2.0 PROJECT DESCRIPTION 
This section describes the project participants, boatyards and the three different 
stormwater treatment technologies tested as part of the treatment technology study.  
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2.1 PROJECT PARTICIPANTS 
The roles and responsibilities for each project participant are listed below.  
 
Project Manager 
Dean Shaughnessy 
Marina Consulting Services, Inc. 
deans@marinacsi.com 
360-387-6574 
 
Steering Committee 
Gary Bailey 
Water Quality Permit Specialist 
Washington State Department of Ecology 
360-407-6433 
gbai461@ecy.wa.gov 
 
Michael Campbell 
President 
Northwest Marine Trade Association 
206-634-0911 
michael@nmta.net 
 
Marina Hench 
Director of Government Affairs 
Northwest Marine Trade Association 
206-634-0911 
marina@nmta.net 
 
Richard Horner 
Consultant to Puget Soundkeeper Alliance 
206-782-7400 
rrhorner@msn.com  
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Sue Joerger 
Soundkeeper and Executive Director 
Puget Soundkeeper Alliance 
206-297-7002 
suejoerger@pugetsoundkeeper.org 
 
Barry Kellems, P.E. 
Consultant to Northwest Marine Trade Association 
Arcadis 
206-726-4710 
barry.kellems@arcadis-us.com 
 
Katie Kolarich 
Program Coordinator 
Puget Soundkeeper Alliance 
206-297-7002 
katie@pugetsoundkeeper.org 
 
Sampling Program Project Manager 
Carla Milesi 
Taylor Associates, Inc. 
206-267-1408 
carla@taylorassoc.net 
 
Vendor Contacts 
Siemens Water Technologies 
Terry Ovstaedal 
Sales Engineer 
425-244-0345 
terry.ovstaedal@siemens.com 
 
StormwateRx, LLC 
Cal Noling, P.E. 
Chief Executive Officer 
caln@stormwaterx.com 
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Daniel Scarpine, P.E. 
Vice President 
daniels@stormwaterx.com 
503-233-4660 
 
Water Tectonics, Inc. 
Jim Mothersbaugh 
Founder 
425-742-2062 
jim@watertectonics.com 

2.2 BOATYARD DESCRIPTIONS 
The three technologies were installed and tested at three different boatyards around Puget 
Sound: (1) the Port of Edmonds Boat Workyard, (2) the Canal Boatyard, and (3) CSR 
Marine. A brief descriptions of each boat yard is provided below. 
 
The Port of Edmonds Boat Workyard is located along the City of Edmonds waterfront 
just south of the Edmonds ferry dock. The boatyard is slightly less than one acre and is 
made up almost exclusively of paved surfaces which provide areas for boat building and 
repairs. The entire boatyard drains to a standard sized catch basin that serves as the 
influent collection point for the Aquip system. Stormwater runoff from the Port of 
Edmonds Boat Workyard drains directly into Puget Sound. 
 
The Canal Boatyard is located in the Ballard neighborhood of Seattle. The three acre 
drainage area is made up almost exclusively of paved surfaces which provide areas for 
boat building and repairs. The entire three acres drains to a large settling tank which 
serves as the influent collection point for the WWIX system. The settling tank then drains 
into the Lake Washington Ship Canal approximately 1.3 miles east of the Hiram M. 
Chittenden Locks. 
 
CSR Marine is located in the Magnolia neighborhood of Seattle. The boatyard is 
approximately 1.6 acres, with a little over 0.5 acres draining to a standard sized catch 
basin that serves as the influent collection point for the Wave Ionics system. The drainage 
area is made up almost exclusively of paved surfaces that provide areas for boat repair 
and building. Stormwater runoff that leaves the CSR Marine boatyard drains into the 
Lake Washington Ship Canal approximately 0.40 miles east of the Hiram M. Chittenden 
Locks. 
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Figure 1. Locations of the three boatyards selected for the pilot study. 

2.3 TECHNOLOGY DESCRIPTIONS 
This section includes brief descriptions of the three technologies evaluated. More 
complete descriptions of each technology can be found at their respective websites, 
which are listed below. 
 
StormwateRx® Aquip™ (www.stormwaterx.com). The StormwateRx Aquip is a passive 
adsorptive filtration technology designed specifically for reduction of stormwater 
pollutants such as turbidity and metals from industrial sites, including boatyards. The 
system uses a pre-treatment chamber followed by a series of inert and adsorptive 
filtration media to effectively trap pollutants. The filter removes total, dissolved, and 
ionized pollutants within the pre-treatment chamber by gravity settling or floatation, and 
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in the filtration chamber via a combination of chemical precipitation, adsorption, micro-
sedimentation, and filtration. The Aquip system installed at the Port of Edmonds boatyard 
is approximately nine feet long by 2.5 feet wide by 4.5 feet tall at its widest sections. The 
overall treatment capacity of the system is 5.4 gallons per minute (gpm).  
 
Siemens Water Technologies, Inc. Wastewater Ion Exchange Systems 
(www.water.siemens.com). The Siemens WWIX utilizes ion exchange resins and other 
media to remove specific ionic contaminants such as metals from stormwater and 
wastewater. The WWIX system installed at the Canal Boatyard consists of four, 3.6-
cubic feet tanks (each tank measures eight inches in diameter by 48 inches tall). The first 
tank consists of a carbon tank to remove organics and/or oxidizers prior to the ion 
exchange tanks. The remaining three ion exchange tanks remove targeted dissolved solids 
and metals. The overall treatment capacity of the system is 10 gpm. 
 
Water Tectonics, Inc. Wave Ionics™ Electro-Coagulation System Treatment 
(www.watertectonics.com). The Water Tectonics, Inc. Wave Ionics is an electro-
coagulation system that uses electrical current to coagulate particles by forcing 
contaminated water to flow between closely spaced metal plates, across which an 
alternating, direct or pulsing electrical potential is applied. The particles agglomerate into 
larger particles and either rise to the top or settle to the bottom of the water column. The 
Wave Ionics system installed at CSR Marine consists of a 1,000-gallon surge tank 
followed by electro-coagulation cells which initiate the coagulation process. Water then 
passes into a 1,000-gallon settling tank, followed by a 1,000-gallon clear well tank and a 
sand filter before exiting the system.  

3.0 MONITORING METHODS 
This section provides an overview of the monitoring methods, including sampling 
approach, qualifying events, stormwater quality parameters, sample collection, sample 
handling and quality control procedures. 

3.1 SAMPLING APPROACH 
Due to the variations in the size and drainage systems of the boatyards, as well as the size 
and flow capacity of the technologies, sampling approaches were tailored for each site 
and technology. To assess the average influent and effluent water quality for each 
technology, automated water quality samplers were programmed to collect grab and time-
paced composite samples over a relatively constant inflow period. The inflow rates 
sampled for the technologies were determined by the treatment capacity of the 
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technologies and/or the anticipated flow coming off the site during an averaged size 
storm event. For the Aquip, the flow rate was set at 5.4 gpm; for the Wave Ionics, it was 
approximately 13 gpm; and for the WWIX, it was approximately 10 gpm.  
 
Relatively constant inflow rates were maintained through the use of inlet pumps. The 
pumps used with the Aquip and Wave Ionics systems were triggered by an attached float. 
When a rise in water level in the inlet catch basin lifted the float, the pump would turn on. 
Subsequently, when a drop in water level in the catch basin lowered the float, the pumps 
would turn off. As a result, during some events sampled for these technologies, the 
pumps cycled on and off and did not provide a consistent flow through the technology 
during the sample event. In addition, because the inlet pumps were automatically 
triggered with a rise in water level, the Aquip and Wave Ionics technologies had water 
flowing through their systems during any storm large enough to turn on the inlet pumps 
and not only during events sampled as part of this study. 
 
Because the settling tank at the Canal Boatyard provided a larger detention volume, the 
pump used with the WWIX was manually turned on by boatyard staff at the start of the 
sample event and ran constantly throughout the duration of the event. The inlet pump was 
turned off at the completion of the sample event. As a result water flowed through the 
WWIX technology only during events sampled as part of this study. 

3.2 QUALIFYING EVENTS 
Qualifying storm and sample events were not defined for this project. Targeted storm 
criteria defined in the sampling plan (Appendix A) included an antecedent dry period of 
less than 0.10 inches of rain in the previous 24-hours with a 70 percent probability of a 
storm intensity of 0.2 inches in six hours. This intensity was selected in order to be large 
enough to mobilize pollutants and provide enough runoff to minimize the cycling on and 
off of the technologies’ inlet pumps. Per an email from the NMTA project manager, and 
to increase the likelihood of sampling all the storms on the tight schedule, the antecedent 
dry period conditions were dismissed in early December 2007.  

3.3 STORMWATER QUALITY PARAMETERS 
Stormwater quality parameters evaluated as part of this study, along with their field 
procedures and analytical methods, are listed below (Table 1).  
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Table 1. Pilot study stormwater quality parameters - field procedures and analytical methods. 

Parameter 
Minimal 
Sample Size 

Preservation 
Method 

Holding 
Time 

EPA/SM 
Method 

Reporting 
Limit and 
Units 

TSS 1000 ml Cool 4ºC 7 days EPA 160.2 0.50 mg/L 
Total copper 
(Cu) 

EPA 220.2, 
EPA 200.7 

0.0010 mg/L

Total lead 
(Pb) 

EPA 239.2 0.0010 mg/L

Total Zinc 
(Zn) 

250 ml 
Cool 4ºC 
(lab – HNO3 

to pH <2) 
6 months 

EPA 200.7 0.005 mg/L 

Dissolved 
copper (Cu) 

EPA 220.2, 
EPA 200.7 

0.0010 mg/L

Dissolved 
lead (Pb) 

EPA 239.2 0.0010 mg/L

Dissolved 
zinc (Zn) 

250 ml 

Cool 4ºC 
(lab – filter, 
HNO3 to pH 
<2) 

24 hours 
until 
preserved, 6 
months 

EPA 200.7 0.005 mg/L 

 

3.4  SAMPLE COLLECTION 
Influent and effluent samples were collected from all three technologies. For the Aquip 
and Wave Ionics technologies, influent samples were collected from the inlet pipes just 
upstream of the technology. The inlet pipe to the WWIX system was under pressure, 
which made it difficult to collect consistent sample volume from the pipe. As a result, the 
influent sample line was attached to the WWIX inlet pipe and samples were collected in 
the settling tank at the same level and adjacent to the opening of the WWIX inlet pipe. 
Effluent samples for all three technologies were collected just downstream of the outlet 
of each technology.  
 
Influent and effluent samples were collected using Isco portable automated water quality 
samplers that were programmed to collect one grab and three, one-hour time paced 
composite samples. The samplers were manually started by boatyard or Taylor 
Associates (Taylor) staff. The influent samplers collected a grab sample immediately 
after the samplers were started and then moved on to collect three, one-hour time paced 
composites with a five minute sampling interval between subsamples. To collect paired 
influent and effluent samples, the Aquip and WWIX technologies effluent samplers were 
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programmed with a time delay to account for the detention times of each technology. For 
the Wave Ionics technology, the effluent sampler was inhibited until an Isco Liquid Level 
Actuator sensed the presence of water at the effluent sample collection point. (The 
collection of paired influent and effluent samples was not possible with the Wave Ionics 
technology due to the large detention volume and detention time.)  
 
All samples were collected through vinyl intake lines into one-gallon polypropylene 
bottles. Prior to each storm event targeted for sampling, the sample intake lines were 
rinsed with approximately two liters of laboratory grade deionized water (DI) to avoid 
cross-contamination from previously sampled events. Sample bottles were cleaned by the 
analytical laboratory using Liqui-Nox and a DI water rinse followed by an acid rinse with 
10 percent nitric acid and another DI water rinse.  

3.5 SAMPLE HANDLING 
Proper sample collection, handling, preservation, transport, and custody procedures were 
followed as described in the Sampling Plan (Appendix A). Sample containers were 
appropriately labeled and chain-of-custody forms were filled out. Samples were retrieved 
from the automated samplers using an adaptation of the “clean hands/dirty hands” 
protocols for metals grab sample collection as outline in EPA Method 1669: Sampling 
ambient water for trace metals at EPA water quality criteria levels (EPA 1996). Samples 
were delivered to the laboratory within 24-hours of the onset of sample collection to 
ensure holding times for metals were not exceeded.  

3.6 QUALITY CONTROL PROCEDURES 
Quality control (QC) samples were collected and analyzed for field and laboratory 
activities to estimate bias. The QC procedures were conducted to determine if any of the 
sample containers, preservation methods, handling procedures, or sampling equipment 
contributed constituents to the sample. This section provides a brief description of the 
field and laboratory quality control samples and their associated frequency and 
acceptance criteria.  

3.6.1 Field Quality Control 
Quality control samples consisted of collecting one internal field duplicate at both the 
influent and effluent sample points for each technology. This totaled 12 field duplicates 
for the project (one grab duplicate and one composite duplicate for both the influent and 
effluent sample points for each of the three technologies) which is a rate of 11 percent. 
Relative percent differences (RPD) were calculated for the field duplicates and compared 
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to an acceptance criteria that states the RPD should be less than 20 percent for samples 
with results greater than five times the reporting limit.  

3.6.2 Laboratory Quality Control 
Samples were submitted for analysis to the Aquatic Research, Inc., a laboratory 
accredited by the Washington State Department of Ecology. Laboratory quality control 
checks included method blanks, check standards, analytical duplicates, blank spikes, and 
matrix spikes. Quality control results for laboratory activities were reviewed by the 
Laboratory Quality Assurance (QA) Officer and summarized in each lab report. 
Laboratory reports included the laboratory QC results summary as well as laboratory 
results for both storm and QC samples. 

3.7 DATA ANALYSIS 
This section provides an overview of the data analysis procedures that occurred after 
collection of the data in the field. The application of these procedures to data collected 
during this study is provided in Section 4.2.  

3.7.1 Storm Event Data 
Rainfall data from sampled storms were analyzed for the following information: 

• Storm Event Antecedent Dry Conditions (measured rainfall, duration); 
• Storm Event Conditions (total precipitation, duration, intensity); and 
• Sampling Period Conditions (total precipitation). 

 
Rainfall data were collected at two separate locations. Rainfall for the Port of Edmonds 
boatyard was provided by the City of Edmonds and collected at the rooftop of the City of 
Edmonds Wastewater Treatment Plant, which is located approximately 0.3 miles to the 
northeast of the boatyard. Rainfall for the Canal Boatyard and CSR Marine was provided 
by Seattle Public Utilities and collected at the rooftop of Seattle Public Library’s Ballard 
Branch, which is located approximately 0.6 miles to the northeast of CSR Marine and 1.0 
mile to the northwest of Canal Boatyard. The QA/QC and maintenance related to the rain 
gauges and rain data was not performed or tracked by Taylor staff.  

3.7.2 Pollutant Concentration Reduction 
Removal efficiencies were calculated for each parameter for each technology as 
described below. The collection of paired influent and effluent samples was possible for 
the Aquip and WWIX systems, so the pollutant concentration reduction for those systems 
was calculated using Method no. 1. Total inflow was equal to the total outflow for both 
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the Aquip and WWIX due to the design of the technologies and the sampling approaches. 
As a result, the calculated concentration reduction is equivalent to a mass loading 
reduction for these technologies on an event basis. 
 
Due to the size and detention volume of the Wave Ionics system, the collection of paired 
samples was not feasible. Pollutant concentration reduction from the Wave Ionics system 
was calculated using Method no. 2. 

 
Method no. 1:  Individual Storm Pollutant Concentration Reduction (SCR) 
The individual storm pollutant concentration reduction (SCR) method was used to 
calculate the pollutant reduction for each water quality parameter during each 
individual storm. 

ini

effi
i C

C
SCR

,

,1−=   

Where: 
 i = storm number 
 = influent concentration for the grab or time-paced composite for storm   iniC ,

 = effluent concentration for the grab or time-paced composite for storm  effiC ,

 
Method no. 2:  Average Pollutant Concentration Reduction (ACR) 
The average pollutant concentration reduction (ACR) method was used to calculate 
the average pollutant reduction for each water quality parameter for all storm events.  

in

eff

AvgC
AvgC

ACR −= 1   

Where: 
 = Average influent concentration for the grab or time-paced composite from all 

storms 
inC

 = Average effluent concentration for the grab or time-paced composite from all 

storms 
effC

4.0 RESULTS 
This section summarizes the data collected by Taylor staff for the Aquip installed at the 
Port of Edmonds Boat Workyard, the Wave Ionics installed at CSR Marine and the 
WWIX system installed at the Canal Boatyard. Results include storm event 
characteristics, water quality data, pollutant concentration reduction and quality 
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assurance results. Section 5.0 provides a more detailed discussion of the data collected 
for each parameter. 

4.1 STORM EVENTS 
Storms were sampled over a four month period from November 2007 through February 
2008, with seven storms sampled for the Aquip, seven storms sampled for the WWIX, 
and four storms sampled for the Wave Ionics. Some systems were sampled concurrently, 
resulting in 12 storms being sampled overall between the three technologies. This 
concurrent sampling resulted in the collection of 122 stormwater samples (each 
technology was set up to collect one grab and three composite samples from both the 
influent and effluent stations). Table 2 provides a summary of the storm characteristics 
for the 12 storms sampled. 
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Table 2. Summary of characteristics of storms sampled for the pilot study 

Technology Date Storm 
Size (in)1

Duration 
(hrs) 

Intensity 
(in/hr) 

Dry Antecedent2 

(hrs) 
Rain during sampling 
duration (in) 

WWIX 11/26/2007 0.28 2.25 0.12 161 0.28 
WWIX 11/28/2007 0.16 5.5 0.03 43.5 0.14 
Wave Ionics 0.07 
WWIX 

12/13/2007 0.07 2 0.04 225.5 
0.03 

Aquip 12/13/2007 0.04 0.5 0.08 229 0.00 
WWIX 12/19/2007 0.17 4 0.04 14 0.12 
Aquip 12/19/2007 0.27 4.5 0.06 2.5 0.22 
WWIX 12/27/2007 0.29 15.75 0.02 38.75 0.15 
Aquip 12/27/2008 0.21 9 0.02 42 0.06 
WWIX 1/3/2008 0.37 14 0.03 7.25 0.07 
Aquip 1/3/2008 0.46 17 0.03 18 0.09 
WWIX 1/8/2008 0.28 8.5 0.03 41.5 0.07 
Aquip 1/9/2008 0.35 5 0.07 36 0.25 
Wave Ionics 1/14/2008 0.5 7 0.07 53.5 0.26 
Aquip 1/14/2008 0.71 5 0.14 54.5 0.21 
Wave Ionics 1/30/2008 0.13 4.25 0.03 34.75 0.06 
Aquip 2/6/2008 0.24 4.5 0.05 204 0.14 
Wave Ionics 2/8/2008 0.37 12.75 0.03 40 0.06 

Notes: 
1 Rainfall for the Aquip technology was recorded at the City of Edmonds Wastewater 
Treatment Plant. Rainfall for the Wave Ionics and WWIX technologies was recorded at 
the Seattle Public Library Ballard Branch. 
2 Antecedent criteria = less than 0.10 inches of rain in 24 hours. 

4.2 WATER QUALITY DATA 
This section presents water quality data results for the three technologies. These results 
included presentation of influent and effluent data, pollutant concentration reduction, 
irreducible minimum and reliable effluent concentrations, and field QC data.  

4.2.1 Influent and Effluent Data 
The average, median, minimum and maximum concentrations for influent and effluent 
results were calculated for each parameter for each technology. In addition, effluent 
results were compared to discharge criteria established by the steering committee. These 
summary statistics are included in Table 3. Detailed water quality data for all storms is 
provided in Appendix C.  
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Concentrations reported as less than the detection limit were included in this analysis by 
using the value of half the detection limit as the concentration. If both the influent and 
effluent concentration were below the detection limit, samples were excluded since it is 
not possible to look for any differences between influent and effluent concentrations.  

4.2.2 Pollutant Concentration Reduction 
Removal efficiencies were calculated for each parameter as described in Section 3.7.2. 
The average percent pollutant concentration reduction for each parameter are included in 
Table 3. Comparison of summary statistics from influent and effluent water quality data 
for the three technologies. Once again, concentrations reported as less than the detection 
limit were included in the analysis by using a value of half the detection limit as the 
concentration. If both the influent and effluent concentration were below the detection 
limit, samples were excluded from all pollutant reduction analyses.   

4.2.3 Irreducible Minimum and Reliable Effluent Concentrations 
The irreducible minimum effluent concentrations and reliable effluent concentrations 
were calculated for each parameter for the three technologies. The irreducible minimum 
represents the lowest effluent concentration for a given parameter that the dataset 
indicated can be achieved by the treatment technology. The irreducible minimum effluent 
concentration is the lowest recorded concentration unless the dataset contained outliers. If 
the dataset contained outliers the concentration was trimmed to the 5th percentile for the 
complete ordered effluent dataset. 
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Table 3. Comparison of summary statistics from influent and effluent water quality data for the three technologies. 

Influent (µg/L) Effluent (µg/L) Technology Grab/ 
Comp n Avg. Med.      Min. Max n Avg. Med. Min. Max.

Avg. 
PCR1

no. samples 
above criteria2

 percent of samples 
above criteria 

Copper, total 
Comp           16 181.6 120.5 60.0 503.0 19 9.3 7.6 4.0 21.0 94.9 6 31.6Aquip 
Grab          7 582.4 266.0 128.0 1490.0 9 11.9 10.3 5.3 21.0 98.0 6 66.7
Comp          9 2380.3 2490.0 454.0 4600.0 10 123.6 92.5 11.4 403.0 94.8 10 100.0WaveIonics 
Grab        5 4664.0 4140.0 3370.0 6590.0 5 2891.6 752.0 14.0 10200.0 38.0 5 100.0
Comp          20 1085.2 939.5 578.0 2220.0 20 8.5 7.5 2.0 18.7 99.2 6 30.0WWIX 
Grab         8 1101.6 797.5 191.0 2350.0 8 11.0 10.0 2.3 19.4 99.0 4 50.0

Copper, dissolved 
Comp             16 110.6 82.5 47.0 391.0 19 7.3 6.2 2.9 18.3 93.4 5 26.3Aquip 
Grab          7 151.0 128.0 108.0 311.0 9 8.8 8.0 4.7 14.5 94.2 2 22.2
Comp          9 213.2 181.0 47.0 675.0 10 30.8 14.3 9.3 87.0 85.6 8 80.0WaveIonics 
Grab           5 402.2 161.0 127.0 1390.0 5 12.5 10.9 8.4 22.0 96.9 3 60.0
Comp           20 538.2 509.0 368.0 960.0 20 7.0 6.1 2.0 17.4 98.7 3 15.0WWIX 
Grab          8 560.9 537.5 30.0 1010.0 8 9.0 7.8 2.0 16.8 98.4 3 37.5

Lead 
Comp              16 2.1 2.0 2.0 3.7 19 2.0 2.0 2.0 2.0 68.3 0 0.0Aquip 
Grab            7 6.5 2.0 2.0 18.0 9 2.0 2.0 2.0 2.0 94.4 0 0.0
Comp           9 131.3 137.0 21.6 240.0 10 6.2 3.4 2.0 21.5 95.7 0 0.0Wave Ionics 
Grab          5 221.2 190.0 149.0 310.0 5 134.6 45.5 2.0 453 39.2 2 40.0
Comp           20 36.8 28.5 4.3 96.0 20 2.0 2.0 2.0 2.0 97.3 0 0.0WWIX 
Grab            8 34.8 24.5 3.5 103.0 8 2.0 2.0 2.0 2.0 97.1 0 0.0

Lead, dissolved 
Comp            16 2.0 2.0 2.0 2.0 19 2.0 2.0 2.0 2.0 n/a3 0 0.0Aquip 
Grab            7 2.0 2.0 2.0 2.0 9 2.0 2.0 2.0 2.0 n/a 0 0.0
Comp             9 2.6 2.0 2.0 5.6 10 2.0 2.0 2.0 2.0 70.1 0 0.0Wave Ionics 
Grab           5 4.7 2.0 2.0 13.9 5 2.0 2.0 2.0 2.0 83.0 0 0.0
Comp             20 3.9 3.8 2.0 6.4 20 2.0 2.0 2.0 2.0 75.8 0 0.0WWIX 
Grab            8 4.5 4.2 2.0 8.3 8 2.0 2.0 2.0 2.0 81.3 0 0.0

Notes: 
1 PCR = pollutant concentration reduction. Results where both the influent and effluent concentrations were below laboratory detection limits were not included 
in the calculation of the average pollutant concentration reduction. 
2 Discharge criteria was established by pilot study steering committee for all parameters except TSS. For parameters with a discharge criteria range, criteria was 
set at the higher end of the range. 
3 All influent and effluent dissolved lead results from the Aquip technology were below the laboratory detection limit.  
4 No discharge criteria was established for TSS 
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Table 3. Comparison of summary statistics from influent and effluent water quality data for the three technologies (cont’d). 

Influent (µg/L) Effluent (µg/L) Technology Grab/ 
Comp n Avg.     Med. Min. Max n Avg. Med. Min. Max. 

Avg. 
PCR1

no. samples 
above criteria2

 percent of samples 
above criteria 

TSS 
Comp            16 3.7 2.8 0.5 9.0 19 0.8 0.5 0.5 2.0 83.5 n/a4 n/a Aquip 
Grab              7 14.2 8.0 1.3 40.0 9 0.8 0.8 0.5 1.5 94.7 n/a n/a
Comp              9 104.6 104.0 20.0 200.0 10 20.7 9.0 0.5 58.0 80.3 n/a n/aWave Ionics 
Grab 5             155.4 178.0 83.0 202.0 5 299.3 240.0 0.5 916.0 -92.6 n/a n/a
Comp              20 15.3 12.5 4.5 34.0 20 0.9 0.5 0.5 3.0 95.1 n/a n/aWWIX 
Grab              8 15.0 14.0 2.7 31.0 8 1.3 1.2 0.5 2.8 91.5 n/a n/a

Zinc 
Comp              16 190.1 144.0 93.0 656.0 19 76.2 70.0 46.0 153.0 59.9 3 15.8Aquip 
Grab 7             305.1 210.0 164.0 555.0 9 79.9 76.0 49.0 127.0 73.8 2 22.2
Comp              9 803.2 863.0 303.0 1160.0 10 64.5 63.5 7.0 168.0 92.0 1 10.0Wave Ionics 
Grab 5             1424.0 1340.0 1010.0 2160.0 5 1415.8 670.0 9.0 5080.0 0.6 4 80.0
Comp             20 437.3 348.0 196.0 1110.0 20 12.0 10.5 6.0 29.0 97.3 0 0.0WWIX 
Grab 8             515.1 335.5 156.0 1150.0 8 17.0 13.0 6.0 31.0 96.4 0 0.0

Zinc, dissolved 
Comp              16 165.4 122.0 78.0 577.0 19 69.3 67.0 44.0 138.0 58.1 2 10.5Aquip 
Grab 7             224.1 196.0 150.0 491.0 9 74.1 68.0 43.0 120.0 66.9 2 22.2
Comp              9 302.2 274.0 200.0 483.0 10 23.1 13.5 5.0 65.0 92.5 0 0.0Wave Ionics 
Grab 5             490.0 353.0 160.0 1260.0 5 11.0 10.0 7.0 14.0 97.8 0 0.0
Comp              20 349.6 261.0 164.0 849.0 20 10.2 9.0 5.0 29.0 97.2 0 0.0WWIX 
Grab              8 416.0 312.5 102.0 922.0 8 14.3 11.0 5.0 29.0 96.6 0 0.0

Notes: 
1 PCR = pollutant concentration reduction. Results where both the influent and effluent concentrations were below laboratory detection limits were not included 
in the calculation of the average pollutant concentration reduction. 
2 Discharge criteria was established by pilot study steering committee for all parameters except TSS. For parameters with a discharge criteria range, criteria was 
set at the higher end of the range. 
3 All influent and effluent dissolved lead results from the Aquip technology were below the laboratory detection limit.  
4 No discharge criteria was established for TSS 
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Reliable effluent represents the highest the effluent concentrations are expected to be 
based on the dataset for a given parameter for each technology. The reliable effluent 
concentration is the highest recorded concentration unless the dataset contained outliers. 
If the dataset contained outliers the concentration was trimmed to the 95th percentile for 
the complete ordered effluent dataset. Table 4 summarizes the irreducible minimum and 
reliable effluent concentrations for each parameter for the three technologies tested as 
part of the boatyard study. 

Table 4. Irreducible minimum and reliable effluent concentrations from the three 
technologies. 

 Irreducible minimum 
effluent concentration

Reliable effluent 
concentration 

Copper, total (µg/L) 
     Aquip 4.0 21.0 
     Wave Ionics 11.4 4992.01

     WWIX 2.0 19.4 
Copper, dissolved (µg/L) 
     Aquip 2.9 18.3 
     Wave Ionics 8.4 87.0 
     WWIX 2.0 17.4 
Lead, total (µg/L) 
     Aquip ND ND2

     Wave Ionics 2.0 232.01

      WWIX ND ND 
Lead, dissolved (µg/L) 
     Aquip ND ND 
     Wave Ionics 2.0 2.0 
     WWIX ND ND 
Zinc, total (µg/L) 
     Aquip 46.0 153.0 
     Wave Ionics 7.0 2245.01

     WWIX 6.0 31.0 
Zinc, dissolved (µg/L) 
      Aquip 43.0 138.0 
     Wave Ionics 5.0 65.0 
     WWIX 5.0 29.0 
TSS (mg/L) 
     Aquip 0.3 2.0 
     Wave Ionics 0.3 454.01

     WWIX 0.3 3.0 
Notes: 
1 Dataset contained outlier. Concentration represents 95th percentile for the complete 
ordered effluent dataset for associated parameter. 
2 ND: Results were below the laboratory method detection limit. 
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In addition, a considerably higher amount of flocculant was noted in the original outlet 
grab sample than the duplicate outlet grab sample from the Wave Ionics. The automated 
sampler rinses the sample line between samples which can result in a gap of several 
minutes between the original and duplicate samples. The flocculant may have mostly 
flushed through before the duplicate grab sample was collected, and a higher amount of 
flocculant in the original sample could account for the higher pollutant concentration.  

 

Internal field duplicates were collected as part of the study at a rate of 11 percent of the 
total number of samples collected. Results from the field duplicates were compared to an 
acceptance criteria stating there should be less than 20 percent difference for samples 
with results greater than five times the laboratory detection limit. Results from the 
original and duplicate samples along with the RPD are listed in Table 5. The RPD was 
generally less than 20 percent, however the results for several parameters did not meet 
the acceptance criteria. The inlet grab duplicate collected at the WWIX unit exceeded the 
acceptance criteria for total lead with a RPD of 39.5 percent. For the outlet grab duplicate 
collected at the Wave Ionics unit, the RPDs for total copper, lead, zinc, dissolved zinc 
and TSS were 116.2 percent, 100.8 percent, 112.1 percent, 33.3 percent and 60 percent, 
respectively. The exceedance of the acceptance criteria in several of the parameters may 
point to the inherent variability of stormwater data.  

4.2.4 Field QC Data 
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Table 5. Results from internal field duplicates collected from all three technologies. 

Parameters 
Technology Sample 

Date Sample ID Cu 
(µg/L) 

Pb 
(µg/L) 

Zn 
(µg/L) 

Cu, diss. 
(µg/L) 

Pb, diss. 
(µg/L) 

Zn, diss. 
(µg/L) 

TSS 
(mg/L) 

CBY-IN121307GRAB 2350 103 1150 1010 7.4 922 27 WWIX 
 12/13/07 CBY-IN121307GRABFD       2120 69 1140 1010 8.3 915 31
       RPD (%) 10.3 39.5 0.9 0.0 11.5 0.8 13.8

CBY-IN121307COMP        2220 96 1110 960 6.4 849 28WWIX         12/13/07 CBY-IN121307COMPFD 2180 94 1110 955 6.4 845 24
         RPD (%) 1.8 2.1 0.0 0.5 0.0 0.5 15.4

CBY-OUT121307GRAB        194 ND 31 168 ND 29 2.8WWIX         12/13/07 CBY-OUT121307GRABFD 192 ND 30 145 ND 27 2.3
         RPD (%) 1.0 ND 3.3 14.7 ND 7.1 19.6

CBY-OUT121307COMP        187 ND 29 150 ND 25 3WWIX         12/13/07 CBY-OUT121307COMPFD 186 ND 29 174 ND 29 2.5
         RPD (%) 0.5 ND 0.0 14.8 ND 14.8 18.2

POE-IN011408GRAB        1490 17.7 429 137 ND 214 40Aquip         1/14/08 POE-IN011408GRABFD 1410 18 414 127 ND 196 34
         RPD (%) 5.5 1.7 3.6 7.6 ND 8.8 16.2

POE-IN011408COMP        287 3.7 168 84 ND 119 7.5Aquip         1/14/08 POE-IN011408COMPFD 256 2.6 153 85 ND 123 6.5
         RPD (%) 11.4 34.9 9.3 1.2 ND 3.3 14.3
Notes: 
ND: Results were below the laboratory detection limit. 
Results in bold boxes indicate RPD exceeded the criteria for field duplicates. 
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Table 5. Results from internal field duplicates collected from all three technologies (cont’d). 

Parameters 
Technology Sample 

Date Sample ID Cu 
(µg/L) 

Pb 
(µg/L) 

Zn 
(µg/L) 

Cu, diss. 
(µg/L) 

Pb, diss. 
(µg/L) 

Zn, diss. 
(µg/L) 

TSS 
(mg/L) 

POE-OUT011408GRAB 12 ND 127 10 ND 120 1.5 Aquip         1/14/08 POE-OUT011408GRABFD 14 ND 122 11 ND 113 1.3
         RPD (%) 15.4 ND 4.0 9.5 ND 6.0 14.3

POE-OUT011408COMP        14 ND 103 12 2 99 1.8Aquip         1/14/08 POE-OUT011408COMPFD 15 ND 104 12 3.2 101 1.5
         RPD (%) 6.9 ND 1.0 0.0 46.2 2.0 18.2

CSR-IN020808GRAB        3570 149 1040 149 ND 160 188Wave 
Ionics 2/8/08 CSR-IN020808GRABFD        3370 153 1010 161 ND 164 202
         RPD (%) 5.8 2.6 2.9 7.7 ND 2.5 7.2

CSR-IN020808COMP        2710 138 885 181 ND 227 138Wave 
Ionics 2/8/08 CSR-IN020808COMPFD        2640 138 863 185 ND 229 140
         RPD (%) 2.6 0.0 2.5 2.2 ND 0.9 1.4

CSR-OUT020808GRAB        2760 138 1030 9 ND 14 156Wave 
Ionics 2/8/08 CSR-OUT020808GRABFD        732 45.5 290 10.9 ND 10 84
         RPD (%) 116.2 100.8 112.1 19.1 ND 33.3 60.0

CSR-OUT020808COMP        153 8 6.8 12.3 ND 11 58Wave 
Ionics 2/8/08 CSR-OUT020808COMPFD 142       7.4 6.3 13.5 ND 12 56
         RPD (%) 7.5 7.8 7.6 9.3 ND 8.7 3.5

Results in bold boxes indicate RPD exceeded the criteria for field duplicates. 
ND: Results were below the laboratory detection limit. 
Notes: 
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5.0 RESULTS AND DISCUSSION 
The project scope for Taylor was limited to collection of the monitoring data and a 
simple presentation of the project results. Because the project budget was limited, the 
project scope specifically excluded (1) interpretation of the monitoring data collected in 
this study, (2) development of conclusions regarding the treatment performance of each 
technology, and (3) the direct comparisons to other technologies.  
 
This section provides a discussion of the impact of the technologies on each parameter.  
As guidance to future reviewers of the monitoring results, Taylor recommends that the 
operational conditions and treatment capacity that each technology was subjected to 
during the study (relative to the designed operational conditions and treatment capacity) 
be factored into any analysis, comparison or interpretation of the data results. A brief 
overview of the how the pilot study conditions varied from normal operating conditions 
is included in Section 6.0. 

5.1 TOTAL COPPER 
Figure 2 shows a graph of the effluent total copper levels from the three treatment 
technologies relative to the discharge criteria of 10 µg/L set by the steering committee. 
None of the effluent composite or grab samples from the Wave Ionics technology met the 
discharge criteria. Effluent concentrations for the Wave Ionics averaged 1046.29 µg/L. 
For WWIX, 14 of 20 (70 percent) composite samples and four of eight (50 percent) grab 
sample results met the criteria. Effluent concentrations for the WWIX averaged 9.1 µg/L 
with all results below 20 µg/L. For the Aquip, 13 of 19 (68.4 percent) composite samples 
and three of nine (33.3 percent) grab sample results met the discharge criteria. Effluent 
concentrations for the Aquip average 10.2 µg/L with all but one result below 20 µg/L.  
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Figure 2. Effluent total copper concentrations relative to discharge criteria from three treatment 
technologies sampled during 12 storm events between November 2007 and February 2008. 
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Note: Wave Ionics results of 752 µg/L from 12/13/07 grab, 176 µg/L from 1/14/08 composite, 10200 µg/L from 
1/30/08 grab, 403 µg/L from 1/30/08 composite, 2760 µg/L and 732 µg/L from 2/8/08 grabs, and 153 µg/L and 142 
µg/L from 2/8/08 composites were not included on graph.
he percent pollutant concentration reduction of total copper relative to influent 
oncentrations from the three treatment technologies is demonstrated in Figure 3. The 
ollection of paired influent and effluent samples was not feasible with the Wave Ionics 
echnology, so the percent reduction is calculated from the average influent and effluent 
oncentrations for both the composite and grab sample results. The average reduction of 
he composite samples for the Wave Ionics was 94.8 percent, and the average of the grab 
amples was 38.0 percent. Copper reduction for the WWIX ranged from 98.6 to 99.9 
ercent for composite samples (with an average of 99.2 percent) and ranged from 97.0 to 
9.5 percent for the grab samples (with an average of 99.0 percent). Aquip total copper 
eduction ranged from 90.3 to 97.1 percent for the composite samples (with an average of 
4.9 percent), and ranged from 91.5 to 99.2 percent for the grab samples (with an average 
f 98.0 percent).  
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Figure 3. Percent reduction of total copper from composite and grab samples collected from three 
treatment technologies. 
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 Note: The collection of paired influent and effluent samples was not possible with the Wave Ionics technology, 
therefore the percent reduction is based on an average influent and average effluent concentrations for all storms 
sampled as part of the study.  

 
Results from the study generally indicate the WWIX and Aquip systems performed better 
than the Wave Ionics in removal of total copper, with the WWIX performing slightly 
better than the Aquip. This is particularly evident in the first flush grab samples. 

5.2 DISSOLVED COPPER 
Figure 4 shows a graph of the effluent dissolved copper levels from the three treatment 
technologies relative to the discharge criteria of 10 µg/L set by the steering committee. 
For the Wave Ionics, two of 10 (20 percent) composite samples and two of five (40 
percent) grab sample results met the discharge criteria. Effluent concentrations for the 
Wave Ionics averaged 24.67 µg/L. For WWIX, 17 of 20 (85 percent) composite samples 
and five of eight (62.5 percent) grab sample results met the criteria. Effluent 
concentrations for the WWIX averaged 7.5 µg/L with all results below 20 µg/L. For the 
Aquip, 14 of 19 (73.7 percent) composite samples and seven of nine (77.8 percent) grab 
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sample results met the discharge criteria. Effluent concentrations for the Aquip averaged 
7.8 µg/L with all results below 20 µg/L. 
 

Figure 4. Effluent dissolved copper concentrations relative to discharge criteria from three treatment 
technologies sampled during 12 storm events between November 2007 and February 2008. 
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The percent pollutant concentration reduction of dissolved copper relative to influent 
concentrations from the three treatment technologies is demonstrated in Figure 5. The 
collection of paired influent and effluent samples was not feasible with the Wave Ionics 
technology, so the percent reduction is calculated from the average influent and effluent 
concentrations for both the composite and grab sample results. The average reduction of 
dissolved copper from the composite samples for the Wave Ionics was 85.6 percent, and 
the average of the grab samples was 96.9 percent. Dissolved copper reduction for the 
WWIX ranged from 97.1 to 99.8 percent for composite samples (with an average of 98.7 
percent), and ranged from 95.9 to 99.3 percent for the grab samples (with an average of 
98.4 percent). Aquip dissolved copper reduction ranged from 85.7 to 97.1 percent for the 
composite samples (with an average of 93.4 percent), and ranged from 91.3 to 95.9 
percent for the grab samples (with an average of 94.2 percent).  
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Figure 5. Percent reduction of dissolved copper from composite and grab samples collected from 
three treatment technologies. 
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 Note: The collection of paired influent and effluent samples was not possible with the Wave Ionics technology, 
therefore the percent reduction is based on an average influent and average effluent concentrations for all storms 
sampled as part of the study. 

 
 
When reviewing the effluent concentrations results from the study generally indicate the 
WWIX and Aquip technologies performed better than the Wave Ionics in removal of 
dissolved copper. Influent dissolved copper concentrations for the WWIX and Wave 
Ionics technologies were higher, which resulted in comparable percent pollutant 
concentration reductions (with slightly better performance observed for the WWIX 
technology). 

5.3 TOTAL LEAD 
Figure 6 shows a graph of the effluent total lead levels from the Wave Ionics relative to 
the discharge criteria of 100 µg/L set by the steering committee. All effluent results for 
the WWIX and Aquip technologies were below the laboratory detection limit of 2.0 µg/L 
and were therefore not included in the figure. For the Wave Ionics technology, all of the 
composite samples and three of five (60 percent) grab sample effluent concentrations met 
the discharge criteria. Results from the total lead effluent concentrations for the Wave 
Ionics averaged 48.57 µg/L.  
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Figure 6. Effluent total lead concentrations relative to discharge criteria from the Wave Ionics 
sampled during 4 storm events between November 2007 and February 2008. 
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Note: Wave Ionics results of 453µg/L from 1/30/08 grab was not included on graph. 
 
The percent pollutant concentration reduction of total lead relative to influent 
concentrations from the three treatment technologies is shown in Figure 7. The collection 
of paired influent and effluent samples was not feasible with the Wave Ionics technology, 
so the percent reduction is calculated from the average influent and effluent 
concentrations for both the composite and grab sample results. The average reduction of 
dissolved lead from the Wave Ionics composite samples was 95.7 percent, and the 
average of the grab samples was 39.2 percent. Total lead reduction for the WWIX ranged 
from 76.7 to 99.0 percent for composite samples (with an average of 97.3 percent), and 
ranged from 71.4 to 99.0 percent for the grab samples (with an average of 97.1 percent). 
Only two composite and two grab influent concentrations from the Aquip were greater 
than the laboratory detection limit of 2.0 µg/L, so the percent pollutant reduction was 
calculated for those results only. The Aquip composite samples had a percent reduction 
of 73.0 percent and 61.5 percent (with an average of 68.3 percent). The grab samples had 
a percent reduction of 94.4 percent and 94.4 percent (with an average of 94.4 percent).  
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Figure 7. Percent reduction of total lead from composite and grab samples collected from three 
treatment technologies 
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 Note: The collection of paired influent and effluent samples was not possible with the Wave Ionics technology, 
therefore the percent reduction is based on an average influent and average effluent concentrations for all storms 
sampled as part of the study. 

 
 
Results from the study generally indicate the WWIX performed the best in the removal of 
total lead, followed by the Aquip and Wave Ionics technologies.  

5.4 DISSOLVED LEAD 
All effluent dissolved lead concentrations from the three technologies were below the 
laboratory detection limit of 2 µg/L. The percent pollutant concentration reduction of 
dissolved lead relative to influent concentrations from two of the treatment technologies 
is shown in Figure 8. All Aquip influent and effluent dissolved lead concentrations were 
below the laboratory detection limit, so no Aquip results are included in the graph. The 
collection of paired influent and effluent samples was not feasible with the Wave Ionics 
technology, so the percent reduction is calculated from the average influent and effluent 
concentrations for both the composite and grab sample results. The average reduction of 
dissolved lead from the Wave Ionics composite samples was 70.2 percent, and the 
average of the grab samples was 83.0 percent. Dissolved lead reduction for the WWIX 
ranged from 50.0 to 84.4 percent for composite samples (with an average of 75.8 percent) 
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and ranged from 71.4 to 88.0 percent for the grab samples (with an average of 81.3 
percent).  
 

Figure 8. Percent reduction of dissolved lead from composite and grab samples collected from two 
treatment technologies. 
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 Note: The collection of paired influent and effluent samples was not possible with the Wave Ionics technology, 

therefore the percent reduction is based on an average influent and average effluent concentrations for all storms 
sampled as part of the study. 

 
 
Results from the study generally indicate little difference between the performances of 
the WWIX and Wave Ionics technologies.  

5.5 TOTAL ZINC 
Figure 9 shows a graph of the effluent total zinc levels from the three treatment 
technologies relative to the discharge criteria of 100 µg/L set by the steering committee. 
For the Wave Ionics, nine of 10 (90 percent) composite samples and one of five (20 
percent) grab sample results met the discharge criteria. Effluent concentrations for the 
Wave Ionics averaged 514.93 µg/L. For WWIX, all of the composite or grab results met 
the criteria. Effluent concentrations for the WWIX averaged 13.2 µg/L. For the Aquip, 16 
of 19 (84.2 percent) composite samples and seven of nine (77.8 percent) grab sample 
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results met the discharge criteria. Effluent concentrations for the Aquip averaged 77.4 
µg/L. 
 

Figure 9. Effluent total zinc concentrations relative to discharge criteria from three technologies 
sampled during 12 storm events between November 2007 and February 2008. 
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 Note: Wave Ionics results of 670 µg/L from 12/13/07 grab, 5080 µg/L from 1/30/08 grab, and 1030 

µg/L from 2/8/08 grab were not included on graph.  
 
The percent pollutant concentration reduction of total zinc relative to influent 
concentrations from the three treatment technologies is shown in Figure 10. The 
collection of paired influent and effluent samples was not feasible with the Wave Ionics 
technology, so the percent reduction is calculated from the average influent and effluent 
concentrations for both the composite and grab sample results. The average reduction of 
total zinc from the Wave Ionics composite samples was 92.0 percent, and the average of 
the grab samples was 0.6 percent. Total zinc reduction for the WWIX ranged from 93.4 
to 98.0 percent for composite samples (with an average of 97.3 percent), and ranged from 
94.0 to 97.6 percent for the grab samples (with an average of 96.4 percent). Pollutant 
reduction for the Aquip for total zinc ranged from 28.9 percent to 87.0 percent for 
composite samples (with an average of 59.9 percent), and ranged from 60.8 percent to 
91.2 percent for grab samples (with an average of 73.8 percent). 
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Figure 10. Percent reduction of total zinc from composite and grab samples collected from three 
treatment technologies. 
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 Note: The collection of paired influent and effluent samples was not possible with the Wave Ionics technology, 
therefore the percent reduction is based on an average influent and average effluent concentrations for all storms 
sampled as part of the study.  

 
Results from the effluent concentrations and percent pollutant reduction generally 
indicate the WWIX performed the best in the removal of total zinc, followed by the 
Aquip and then the Wave Ionics technologies.  

5.6 DISSOLVED ZINC 
Figure 11 shows a graph of the effluent dissolved zinc levels from the three treatment 
technologies relative to the discharge criteria of 100 µg/L set by the steering committee. 
All of the Wave Ionics and WWIX composite or grab results met the discharge criteria. 
Effluent concentrations for the Wave Ionics averaged 18.75 µg/L. Effluent concentrations 
for the WWIX averaged 10.7 µg/L. For the Aquip 17 of 19 (89.5 percent) composite 
samples and seven of nine (77.8 percent) grab sample results met the discharge criteria. 
Effluent concentrations for the Aquip averaged 70.9 µg/L. 
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Figure 11. Effluent dissolved zinc concentrations relative to discharge criteria from three 
technologies sampled during 12 storm events between November 2007 and February 2008. 
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The percent pollutant concentration reduction of dissolved zinc relative to influent 
concentrations from the three treatment technologies is shown in Figure 12. The 
collection of paired influent and effluent samples was not feasible with the Wave Ionics 
technology, so the percent reduction is calculated from the average influent and effluent 
concentrations for both the composite and grab sample results. The average reduction of 
dissolved zinc from the Wave Ionics composite samples was 92.4 percent, and the 
average of the grab samples was 97.8 percent. Dissolved zinc reduction for the WWIX 
ranged from 92.7 to 99.1 percent for composite samples (with an average of 97.2 
percent), and ranged from 94.1 to 97.6 percent for the grab samples (with an average of 
96.7 percent). Pollutant reduction for the Aquip for dissolved zinc ranged from 16.8 
percent to 87.0 percent for composite samples (with an average of 58.1 percent), and 
ranged from 42.3 percent to 91.2 percent for grab samples (with an average of 66.9 
percent). 
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Figure 12. Percent reduction of dissolved zinc from composite and grab samples collected from three 
treatment technologies. 
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 Note: The collection of paired influent and effluent samples was not possible with the Wave Ionics technology, 
therefore the percent reduction is based on an average influent and average effluent concentrations for all storms 
sampled as part of the study. 

 
 
Results from the effluent concentrations and percent pollutant reduction generally 
indicate the WWIX and Wave Ionics technologies performed better than the Aquip in the 
removal of dissolved zinc. 

5.7 TSS 
Figure 13 shows a graph of the effluent TSS levels from the three treatment technologies. 
No discharge criterion was set by the steering committee for TSS. Effluent TSS 
concentrations from the Wave Ionics ranged from below the laboratory detection limit of 
0.5 mg/L to 58 mg/L for the composite samples and from below the laboratory detection 
limit to 916 mg/L for the grab samples. For the WWIX, effluent TSS concentrations 
ranged from below the laboratory detection limit to 3 mg/L for the composite samples 
and from below the laboratory detection limit to 2.8 mg/L for the grab samples. Effluent 
TSS concentrations for the Aquip ranged from below the laboratory detection limit for 
the composite and grab samples to 2.0 mg/L for the composite samples and 1.5 mg/L for 
the grab samples.  
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Figure 13. Effluent TSS concentrations from three technologies sampled during 12 storm events 
between November 2007 and February 2008. 
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Note: Wave Ionics results of 214 µg/L from 12/13/07 grab, 916 µg/L from 1/30/08 grab, and 256 µg/L from 
2/8/08 grab were not included on graph.   

 
The percent pollutant concentration reduction of TSS relative to influent concentrations 
from the three treatment technologies is shown in Figure 14. The collection of paired 
influent and effluent samples was not feasible with the Wave Ionics technology, so the 
percent reduction is calculated from the average influent and effluent concentrations for 
both the composite and grab sample results. The average reduction of TSS from the 
Wave Ionics composite samples was 80.3 percent, and the average of the grab samples 
was -92.6 percent. TSS reduction for the WWIX ranged from 82.7 to 99.3 percent for 
composite samples (with an average of 95.1 percent), and ranged from 69.3 to 98.8 
percent for the grab samples (with an average of 91.5 percent). Pollutant reduction for the 
Aquip for TSS ranged from 50.0 percent to 95.8 percent for composite samples (with an 
average of 83.5 percent), and ranged from 48.5 percent to 96.3 percent for grab samples 
(with an average of 94.7 percent). 
 
 
 

March 2008  Final Report 
  Boatyard Stormwater Treatment Technology Study 
 

33
 



Taylor Associates, Inc.      Northwest Marine Trade Association; Puget Soundkeeper Alliance, WSDOE 

 

Figure 14. Percent reduction of TSS from composite and grab samples collected from three 
treatment technologies. 
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 Note: The collection of paired influent and effluent samples was not possible with the Wave Ionics technology, 
therefore the percent reduction is based on an average influent and average effluent concentrations for all storms 
sampled as part of the study. 

  
 
Results from the study generally indicate the WWIX and Aquip systems performed better 
than the Wave Ionics in removal of TSS. This is particularly evident in the first flush grab 
samples. 

6.0 VENDOR FEEDBACK 
As stated in Section 5.0, Taylor recommends that the operational conditions and 
treatment capacity that each technology was subjected to during the study (relative to the 
designed operational conditions and treatment capacity) be factored into any analysis, 
comparison or interpretation of the data results.  
 
To assist in the evaluation of operational conditions among the three technologies, the 
vendors were requested to provide a brief description of how the pilot study conditions 
varied from normal operating conditions for their units. The following operational 
information was provided by StormwateRx for the Aquip and Water Tectonics for the 
Wave Ionics technologies. No information was provided by Siemens for the WWIX.  
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6.1 STORMWATERX AQUIP 
The Aquip pilot system installed at the Port of Edmonds Boat Workyard was equipped 
with a data logger that allowed for the calculation of the total gallons of stormwater that 
were treated by the unit. The data were used to compare the design conditions to the 
actual conditions of the unit installed in the workyard. The Aquip pilot system was 
designed to treat 5.4 gpm. Based on the Port of Edmonds drainage area, the design water 
quality flow rate using the Western Washington Hydrology Model is 31 gpm. Therefore, 
at a flowrate of 5.4 gpm, the Aquip should theoretically treat 17.4 percent of the site’s 
flow volume.  
 
Based on the resulting flow record collected by the datalogger, the total volume treated 
by the Aquip pilot system during the study period of 11/21/07 and 2/12/08 was 105,650 
gallons. Using local rainfall data from Seattle, the calculated rainfall volume during the 
study period for the one-acre boat workyard was 301,380 gallons (this assumes 80 
percent rainfall capture). As a result, the Aquip captured a greater percentage of the 
runoff and treated 35 percent of the site’s total volume during the study period. 
Comparing this with the annual design volume of 17.4 percent, the system effectively 
operated at two times its design service life. This extended operation may be reflected in 
the sampling data. 

6.2 WATER TECTONICS, INC. WAVE IONICS ELECTRO-
COAGULATION SYSTEM TREATMENT 

The current Wave Ionics system at CSR marine was designed to operate at 50 gpm. Due 
to constraints around the drainage size of the boatyard and anticipated runoff volumes, 
the unit set up to run at a lower inflow rate of 16 gpm. This lower inflow rate created a 
low flow environment in the treatment cells, which can promote cell loading (blinding) 
and a less than favorable treatment environment.  
 
At the normal flow rate of 50 gpm, the cells will flush or process the sediments by design 
and avoid building up in the cell. The actual run time and volume of flow through the 
system was much lower than normal operating conditions (approximately 23 hours at  
16 gpm or approximately 22,080 gallons). This again was due to a smaller drainage area 
and low runoff volumes as well as the lack of sizeable rain events during the test period. 
Since the start-up date was critical, few changes were made to the Wave Ionics unit to 
meet the flow requirements of the pilot study once the study commenced. Water 
Tectonics has since learned how critical the site collection system and sizing is to 
promote maximum treatment performance. 
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