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ABSTRACT 

This technical report presents the land-based evaluation of the Nanobubble Ozone/Oxygen 
Water Cleaning System (NBOT 2x7.5 HP-60 units) developed by NBOT Systems, LLC located in 
Charleston, South Carolina, USA. This evaluation was a follow-up to work done previously at the 
Montreal Pier Facility using one 7.5 HP Nanobubble Ozone/Oxygen Water Cleaning System. The 
work was conducted to evaluate the potential of the system to be used as an in-tank, 
recirculating ballast water treatment method for the Laurentian Great Lakes. 

The evaluation began in June 2021 and ended in July 2021. All analyses were conducted at 
either the Montreal Pier Facility or the Lake Superior Research Institute (LSRI) at the University 
of Wisconsin-Superior (UWS), both located in Superior, Wisconsin, USA. The NBOT 2x7.5 HP-60 
uses a patented gas infusion system to generate ultrafine microbubbles (nanobubbles) 
containing ozone (O3). According to the developer, the ozone impregnated nanobubbles create 
large volumes of hydroxyl radicals, a powerful oxidant which destroys all chemicals containing 
activated functional groups (aldehydes, ketones, amines, nitrates, etc.), RNA, DNA, peptides, 
steroids, as well as activated organic compounds (herbicides and pesticides), and microbial 
toxins. 

Biological effectiveness was examined during the course of a commissioning trial plus three 
trials ranging from 96 to 120 hours treatment using ambient water conditions at the Montreal 
Pier Facility. Effectiveness was assessed in terms of live organisms in three size classes per unit 
volume: organisms ≥50 µm in minimum dimension (i.e., nominally zooplankton), organism 
entities ≥10 µm in any dimension and with cell sizes <50 µm in minimum dimension (i.e., 
nominally protists), and organisms <10 µm in minimum dimension (i.e., total culturable 
heterotrophic bacteria, total coliform bacteria, Escherichia coli, and Enterococcus spp.). Samples 
were compared to the United States Coast Guard’s (USCG) Standards for Living Organisms in 
Ships’ Ballast Water Discharged in U.S. Waters (USCG, 2012) with a focus on the reduction in 
the number of propagules in treated water versus control water. The NBOT 2x7.5 HP-60 system 
was found to be effective at reducing the densities of organisms in all three regulated size 
classes, although the system was not presented with water meeting ETV challenge conditions.  

KEYWORDS 

Ballast Water Treatment, Ozone, Hydroxyl Radical Byproducts, Biological Effectiveness 
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1 INTRODUCTION 

A major focus area of the Lake Superior Research Institute’s Great Waters Research 
Collaborative (LSRI-GWRC) is providing unbiased, independent data in support of the 
accelerated development of ballast water treatment technologies having the potential for 
preventing the introduction and/or controlling the spread of non-indigenous organisms within 
the Laurentian Great Lakes. This report details the results of the LSRI-GWRC land-based 
evaluation of the Nanobubble Ozone/Oxygen Water Cleaning System, hereafter referred to as 
NBOT 2x7.5 HP-60, v.2021, which took place from June 2021 to July 2021 at the Montreal Pier 
Facility of the Lake Superior Research Institute (LSRI) at the University of Wisconsin-Superior 
(UWS) in Superior, Wisconsin, USA.  

1.1 OBJECTIVES OF LAND-BASED EVALUATION 

The freshwater, land-based evaluation of NBOT 2x7.5 HP-60, v.2021 was conducted for 
research and development purposes (not for regulatory type approval). This was the second 
large-scale testing conducted on the Nanobubble Ozone/Oxygen Water Cleaning System for the 
ballast water treatment application. The initial large-scale commissioning trial was evaluated at 
Montreal Pier Facility in September and October 2020; however, it was determined that the 
original product version NBOT 7.5 HP-60 was undersized to treat large volumes of ambient 
water (226 m3).  As a result, the initial trial did not result in a reduction of live protist density in 
treated water and there were no detectable levels of ozone in any of the samples collected 
from the treatment tank (Prihoda, 2021). However, there was a reduction in dissolved organic 
carbon concentration in treated water after eight days of system operation as compared to the 
control tank. This suggests that ozone may have been introduced into the water and could have 
been quickly degraded by the organic carbon present therein. The NBOT 7.5 HP-60 was 
effective at treating smaller (1.2 m3) volumes of ambient Duluth-Superior Harbor water, as 
substantial reduction in live protist cell density (95% – 100%) and live zooplankton density 
(>99.9%) was achieved in less than three hours of treatment (Prihoda, 2021). 

The NBOT 2x7.5 HP-60, v.2021 used in the second large-scale trial differs from the version 
evaluated in 2020 in the following ways: 

● Twice the ozone-generating capability by using two parallel systems (i.e., utilizes two 
ozone/oxygen generators and two pumps) 

● Nozzle configuration creates ozone-impregnated nanobubbles directly at the system 
outlet; the unit evaluated in 2020 created ozone at the end of the dosing hose 

● New sensors and improved user communication, including a sensor that detects ozone 
leaks in the system 
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The NBOT 2x7.5 HP-60, v.2021 was evaluated primarily with regard to biological efficacy. 
Biological efficacy (BE), defined as the removal, inactivation, or death of organisms, was 
measured in terms of live organisms in three size classes per unit volume: organisms ≥50 µm in 
minimum dimension (i.e., nominally zooplankton), organisms ≥10 µm and <50 µm in minimum 
dimension (i.e., nominally protists), and organisms <10 µm in minimum dimension (i.e., total 
culturable heterotrophic bacteria, total coliform bacteria, Escherichia coli, and Enterococcus 
spp.; nominally bacteria). The primary purpose for this evaluation was to determine the 
potential for this technology to reduce the risk (i.e., number of propagules) associated with 
ballast water discharge within the Great Lakes. Following an initial commissioning trial, a total 
of three biological efficacy trials were completed. To put the results of this research and 
development testing into context, samples collected and analyzed from water treated by NBOT 
2x7.5 HP-60, v.2021 were compared to the United States Coast Guard’s (USCG) Standards for 
Living Organisms in Ships’ Ballast Water Discharged in U.S. Waters (USCG, 2012; Table 1). 
However, the endpoint of this BE evaluation was not pass/fail with respect to the USCG 
discharge standard. Instead, reduction in the number of propagules in treated water versus 
control water was the focus. Given that toxigenic serogroups of Vibrio cholerae are typically not 
found in the Laurentian Great Lakes, this parameter was not included in this BE evaluation. 

Table 1. Maximum Treated Discharge Concentrations of Parameters for Verification of Biological Efficacy (BE) 
According to U.S. Coast Guard (USCG) Standards. 

Verification 
Factor 

Parameter 
Maximum Concentration in Treated 

Discharge 

Biological 
Efficacy 

Organisms ≥50 µm in minimum 
dimension (nominally zooplankton) 

<10 organisms per m3 

Organisms ≥10 µm and <50 µm in 
minimum dimension (nominally protists) 

<10 organisms per mL 

Organisms <10 µm in minimum 
dimension (nominally bacteria) 

<250 CFU per 100 mL of Escherichia coli 

<100 CFU per 100 mL of Enterococcus 
spp. 

2 DESCRIPTION OF GWRC AND THE MONTREAL PIER TESTING FACILITY 

The tests described in this report took place at the GWRC Montreal Pier Facility which is located 
in northwest Wisconsin, in the city of Superior, which is less than four hours from the Canadian 
Port of Thunder Bay, Ontario (198 miles/319 kilometers). The Facility is a five- to seven-day 
voyage by vessel from the Atlantic Ocean. The Facility itself is situated within the St. Louis River 
Estuary within the Port of Duluth-Superior. This freshwater estuary forms where the St. Louis 
River meets the western end of Lake Superior (Figure 1, Figure 2, Figure 3). Specific details of 
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the Montreal Pier Facility are provided in the GWRC Land-Based QAPP (Schaefer et al. 2021, 
draft).  

 

Figure 1. Google Earth Image of Location of Montreal Pier Facility (star) within the Great Lakes - Saint Lawrence 
Seaway System.  

 

 

Figure 2. Google Earth Image Showing Location of Montreal Pier Facility (star) within the St. Louis River Estuary 
and the Port of Duluth-Superior. 
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Figure 3. Close-Up Image of Montreal Pier (O-Dock). The star indicates the location of the Facility’s bay pump, 
which draws water from the St. Louis River Estuary through the Facility.  

3 DESCRIPTION OF TECHNOLOGY 

According to AMURI’s (American Marine University Research Institute) technology description 
in their Testing Service Application (2020), the NBOT 2x7.5 HP-60, v.2021 system is a 
commercially viable, patented, water treatment technology that uses a proprietary gas infusion 
system to generate ultrafine microbubbles (nanobubbles) impregnated with ozone (O3). The 
nanobubbles diffuse throughout the water column and remain stable for an extended period of 
time (NBOT Systems LLC, 2020). When the nanobubbles eventually implode, ozone is absorbed 
into the water and the decomposition of ozone creates hydroxyl radicals [O3 + H2O = OH + OH2]. 
The combination of ozone decomposition together with the hydroxyl radicals, effectively 
destroys all chemicals containing activated functional groups (aldehydes, ketones, amines, 
nitrates, etc.), RNA, DNA, peptides, steroids, as well as activated organic compounds (herbicides 
and pesticides), and microbial toxins. According to the developer, approximately 98% of the 
oxygenated ozone is absorbed into the treated water due to the high concentration of 
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nanobubbles created and the resulting water is left with increased oxygen levels.   For 
clarification, AMURI is a research partner of NBOT Systems LLC.   

The NBOT 2x7.5 HP-60, v.2021 was comprised of two fully-independent units, each unit 
consisting of two-containers (four containers total), with a motor/pump system in one 
container and an oxygen concentrator and ozone generator in a second container. NBOT 
treated water in the treatment retention tank with hoses for suction and discharge hanging into 
the Facility’s Treatment Retention Tank, T1 (Figure 4). Each systems’ two cabinets are 
connected via a power cord and ozone transfer hose. The motor/pump power requirement was 
three-phase, 220V–240V ± 15%, 30A, 11 kW, 47–63 Hz. As the Montreal Pier Facility does not 
have 240V power, two transformers were used to produce the necessary electrical output for 
each set of two cabinets. The gas generator power requirement was single-phase, 220–240V ± 
15%, 20A, 4.8 kW, 47–63 Hz.  

 
Figure 4. Schematic drawing of Montreal Pier Facility showing Control (C1 and C2) and Treatment (T1 and T2) 
Tanks.  

3.1 PRINCIPLE OF OPERATION 

The NBOT 2x7.5 HP-60, v.2021 system, as applied at the Montreal Pier Facility, was tested as an 
in-tank ballast treatment. On board a ship, the technology would treat ballast water during its 
voyage from cargo off-loading port to cargo loading port. For vessels that only travel within the 
Laurentian Great Lakes, i.e., Laker vessels, this voyage time can range from approximately 8 to 
72 hours. 

C1 C2 T2 T1 MUT1 MUT2 

LAB
 

LAB
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Functioning as an in-tank treatment system, the NBOT 2x7.5 HP-60, v.2021 model uptakes the 
test water from the treatment tank into the system via the liquid pump and injects internally-
produced ozone impregnated nanobubbles into the water. According to the developer, the 
nanobubble generator creates very small bubbles of the oxygenated, ozone-rich water that is 
then released back into the treatment tank.  

The NBOT 2x7.5 HP-60, v.2021 system has both static and dynamic parameters associated with 
its operation which are dependent on the application of the system. According to the 
developer, for each set of two containers, the ozone production rate is 1.0–30.0 g/hr at a 
maximal safe pumping pressure of 60.0 psi. According to the Operations Manual states that the 
system is functional in the temperature range of 41–104°F and 15–95% humidity. 

3.2      INSTALLATION AND COMMISSIONING 

The NBOT 2x7.5 HP-60, v.2021 BWMS was shipped to Montreal Pier Facility by AMURI, Inc. and 
arrived on June 11, 2021. The developer provided GWRC staff with written instructions on 
operation and maintenance of the technology during testing and written human and 
environmental health and safety precautions associated with operation of the technology.  

GWRC was responsible for overseeing and facilitating installation and commissioning of the 
NBOT 2x7.5 HP-60, v.2021 at the Montreal Pier Facility. Installation began the week of June 14, 
2021. The ozone generator cabinets and transformers were set on the ground while the pump 
cabinets were placed on scaffolding with the deck 21 ft off the ground, approximately level with 
the top of the treatment retention tank water level (Figure 5). Blue suction lines with an 
average length of 19 ft and discharge hoses extended from the pump cabinets into the top of 
the treatment retention tank (Figure 6). The discharge hoses from unit #1 were 16’8” and 16’9” 
in length. The discharge units from unit #2 were 18’8” and 17’6” in length. Brian Domrese, a 
representative of the developer was on site June 21–23, 2021 prior to the commissioning trial 
to inspect the installation of the system and provide support prior to commissioning. Brian 
replaced the ozone generator from unit 2 with a new generator because the original was 
experiencing an electrical malfunction. Proper installation and function were confirmed by 
Brian Domrese prior to the start of the commissioning trial.  

The commissioning trial began on June 22, 2021 and consisted of filling the control and 
treatment tanks to a target volume of 225 m3 with ambient harbor water. During the uptake 
procedure, YSI EXO2 water quality sondes were deployed via a flow cell to monitor dissolved 
oxygen, turbidity, chlorophyll a, temperature, pH, and conductivity at 30 second intervals. 
Additionally, total suspended solids (TSS), particulate organic matter (POM), non-purgeable 
organic carbon (NPOC), dissolved organic carbon (DOC) and percent UV transmittance samples 
were collected during uptake. Pre-treatment ozone, zooplankton and protist samples were 
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collected to determine Day 0 live density values. After uptake was completed, The YSI sondes 
were deployed in the control and treatment tank to measure water quality parameters at 15-
minute intervals during the treatment/retention period. Treatment with the NBOT 2x7.5 HP-60, 
v.2021 was then initiated in the treatment tank following uptake. During the commissioning 
trial, only ozone and protist concentrations were monitored during the treatment and retention 
period. Treatment during the commissioning trial lasted approximately 97 hours, at which time 
the protist density had decreased to 1% of the initial density (1856 cells/mL to 18 cells/mL) and 
ozone measured 0.018 mg/L.  

Once commissioning was completed, GWRC operated, monitored the performance of, and 
maintained the BWT technology during the testing, following the developer-provided 
instructions. GWRC implemented all testing activities at its facility; analyzed samples and 
reported test progress to the developer. 

During the three BE trials, the technology representatives had no role whatsoever in operating 
the NBOT 2x7.5 HP-60, v.2021, but remained available for consultation with GWRC personnel, 
as needed. The AMURI, Inc. contact during testing at the Montreal Pier Facility was:  

Mr. James R. Simons  

Phone: (727) 365-4660  

E-mail: jsimons@americanmarineu.com 

 
Figure 5. View of NBOT 2x7.5 HP-60 after installation. 
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Figure 6. Back of NBOT 2x7.5 HP-60 units with blue suction hoses and clear discharge hoses in the top of the 
treatment retention tank. 

4 TEST METHODS 

4.1 TEST PLAN AND SOPS 

A TQAP (Test Quality Assurance Plan); Land-Based Evaluation of the 7.5 HP Nanobubble 
Ozone/Oxygen Water Cleaning System (2021 Version) and standard operating procedures 
(SOPs) were used to implement all test activities. These procedures facilitated consistent 
conformance to technical and quality system requirements and increased data quality. The 
TQAP detailed sample and data collection and analysis, sample handling and preservation, data 
quality objectives, and the QAQC requirements. It was signed by LSRI-GWRC (July 14, 2021) and 
was sent to the technology developer prior to the start of bench-scale test activities. The 
developer did not return a counter-signed version of the document to LSRI-GWRC. The LSRI 
SOPs followed throughout testing are described in the methods section and listed in the 
References section of this report.  

4.2 BIOLOGICAL EFFICACY TRIALS  

Each biological efficacy trial consisted of an uptake operation (ballasting simulation), retention 
of control water/in-tank treatment of treatment water, and a discharge operation (deballasting 
simulation). During uptake, ambient water from the Duluth-Superior Harbor of Lake Superior 
was pumped through the Montreal Pier Facility at a flow rate of >200 m3/hour. Half of the 
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water was directed through the control track and into control retention tank C1, and the other 
half of the water was run through the treatment track and into treatment retention tank T1 
(Figure 7) until the target total volume pumped (225 m3) was reached. Mechanical mixers in C1 
and T1 were set to 10% power (i.e., very gentle mixing) to keep non-neutrally buoyant 
organisms suspended in the water column. After completion of uptake, GWRC staff started the 
NBOT 2x7.5 HP-60, v.2021 to treat the water in T1. Treatment system operational data was 
recorded by the Facility engineering staff in a laboratory notebook. The duration of treatment 
and post-treatment degradation period was determined based on the results from the 
commissioning trial. 

 

Figure 7. Flow Path of Water during Uptake Operation. 

To minimize live organism contamination of the treated discharge water, prior to discharge, the 
facility lines were flushed with municipal water and then steamed at 205°C for a minimum of 
ten minutes (LSRI/ SOP/GWRC/21 – Cleaning and Performing Cleaning Validation of the 
Montreal Pier Facility, 2021). The sample collection tubs on the treatment track were also 
cleaned (LSRI/SOP/GWRC/24 – Cleaning the Sample Collection Tubs and Zooplankton Collection 
Equipment, 2021). The lines and tubs were verified to contain <1 live zooplankton/m3 and <1 
live protist cell/mL prior to performing the discharge operation.   

Following retention/in-tank treatment and validation that the Facility’s lines and tubs were free 
from residual organisms, the retention tanks were discharged sequentially. The treatment 
retention tank was always discharged prior to the control retention tank. The treatment 
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retention tank was discharged through the facility lines and into one of two Multi-Use Tanks 
(Figure 8) in order to verify that the discharge meets the Montreal Pier Facility’s discharge 
permit requirements as set forth by the Wisconsin Department of Natural Resources. Once 
verified, the water was discharged to the Duluth-Superior Harbor. The control retention tank 
was discharged directly through the facility lines to the Duluth-Superior Harbor. 

 

Figure 8. Flow Path of Water from Treatment Retention Tank 1 to Multi-Use Tank 1 (MUT1).  

4.3 SAMPLE AND DATA COLLECTION 

The samples collected/measurements that were made during the biological efficacy trials were 
described in the test plan, Land-based Evaluation of the 7.5 HP Nanobubble Ozone/Oxygen 
Water Cleaning System (2021 version). Sample collection tubs and ports indicated in the test 
plan are illustrated in Figure 9. Tubs 1–6 are fed by the identified sample ports and allow for 
time-integrated sub-samples of water going into/out of the control and treatment retention 
tanks during ballasting/deballasting operations. Each trial was considered an independent 
replicate. The following variables were measured in the control and treatment lines; TSS, POM, 
MM, UV-T, DOC, NPOC, ballast main flow rate, sample tub flow rate, ballast main pressure, 
density of live zooplankton, density of live protists, and abundance of bacteria, as well as 
temperature, salinity, specific conductivity, turbidity, chlorophyll a, dissolved oxygen and pH via 
calibrated YSI sondes (LSRI/SOP/FS/39 and LSRI/SOP/FS/41). 
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Figure 9. Schematic of Sample Ports.  

4.3.1   UPTAKE ACCEPTANCE CRITERIA 

The research-and-development evaluation of NBOT 2x7.5 HP-60, v.2021 was conducted 
without augmentation of source water from the Duluth-Superior Harbor, i.e., ETV Protocol 
challenge condition requirements were not implemented during the commissioning or three 
planned biological efficacy trials. In order to ensure testing was sufficiently robust to detect a 
difference between control and treatment water, the acceptance criteria outlined in Table 2 
were targeted for all biological efficacy trials conducted.  

Table 2. Uptake Acceptance Criteria for Core Operational, Water Quality, and Biological Parameters. 

Parameter (units) Sample Approach 
Uptake Acceptance 

Criteria 

Ballast Main Flow Rate (m3/hr) In situ, continuous ≥200 m3/hr 

Ballast Main Pressure (psi) In situ, continuous No requirement 

Sample Tub Flow Rate (m3/hr) In situ, continuous No requirement 

Total Pumped Volume (m3) In situ, continuous 225 m3 

Temperature (°C) In situ, continuous ≥4°C 

 

SP2C SP2B SP2A 

TUB3 TUB2 TUB1 

SP10A SP10B SP10C SP3A       

TUB4 SP3B        

TUB6 TUB5 SP3C 

SP9A SP9B SP9C 
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Total Suspended Solids (mg/L) 
Discrete Grab, three samples collected 

throughout uptake 
Ambient 

Particulate Organic Matter 
(mg/L) 

Discrete Grab, three samples collected 
throughout uptake 

Ambient 

Mineral Matter (mg/L) = TSS – 
POM 

Calculated, not measured directly Ambient 

Percent Transmittance (%T) 
Discrete Grab, three samples collected 

throughout uptake 
Ambient 

Non-Purgeable Organic 
Carbon/Dissolved Organic 
Matter, as Carbon (mg/L) 

Discrete Grab, three samples collected 
throughout uptake 

Ambient 

Zooplankton Time-Integrated, Concentrated 
≥50,000 live organisms 
per m3 representing 5 

taxa across three phyla 

Protists Time-Integrated 
≥500 live cells per mL 
representing 5 taxa 

across three divisions 

Bacteria Time-Integrated 
≥103 per mL as culturable 

aerobic heterotrophic 
bacteria 

4.3.2 CONTROL DISCHARGE ACCEPTANCE CRITERIA 

To ensure that each biological efficacy trial was robust and that any biological organism 
mortality measured during the biological efficacy trials were the result of the treatment system 
process and not to unhealthy organisms (or other non-treatment processes), the control 
discharge was required to meet the minimum density criteria outlined in Table 3.  

Table 3. Biological Acceptance Criteria for Control Discharge. 

Parameter (units) Sample Approach 
Control Discharge Acceptance 

Criteria 

Zooplankton Time-Integrated, Concentrated ≥100 live organisms per m3 



  Abbreviated Title: NBOT 2x7.5HP-60 
Date Issued: 21 January 2022 

 

Page 19 of 46 
 

Protists Time-Integrated ≥100 live cells per mL 

Bacteria Time-Integrated 
≥500 per mL as culturable aerobic 

heterotrophic bacteria 

4.3.3 TOTAL SUSPENDED SOLIDS (TSS), PARTICULATE ORGANIC MATTER (POM), MINERAL 
MATTER (MM), AND PERCENT UV TRANSMITTANCE (UV-T)  

Analysis of TSS, POM, and determination of MM were conducted according to LSRI/SOP/SA/66 
– Analyzing Total Suspended Solids, Particulate Organic Matter, and Mineral Matter. In this 
procedure, accurately measured sample volumes (± 1%) were vacuum filtered through pre-
ashed, washed, dried, and pre-weighed glass fiber filters (i.e., Whatman 934-AH). After each 
sample was filtered it was dried in an oven and brought to constant weight. TSS values were 
determined based on the weight of particulates collected on the filter and the volume of water 
filtered. The residue from the TSS analysis were ignited to a constant weight at 550°C in a 
muffle furnace. The concentration of POM was determined by the difference of the dry weight 
of the particulates on the filter before and after ignition (the mass lost to combustion). MM 
concentrations were calculated following analysis of TSS and the determination of POM. The 
reporting limit for TSS/POM/MM was dependent on the volume filtered. Typically, an 800 mL 
sample was analyzed which had a reporting limit of 1.25 mg/L TSS/POM/MM.  

Two aliquots of approximately 10 mL from each TSS sample collected were used to measure 
percent transmittance (%T) of filtered and unfiltered sample. Sample analysis was conducted 
according to LSRI/SOP/SA/69 – Determining Percent Transmittance of Light in Water at 254 nm. 
For analysis of the filtered aliquot, an appropriate volume of sample was filtered through a 
glass fiber filter (the same Whatman 934-AH filter as was used to determine TSS). A UV-Vis 
spectrophotometer was used to measure %T of the unfiltered and filtered sample aliquots. 
Milli-Q water was used as a reference to adjust the spectrophotometer to 100% T, and then 
each unfiltered and filtered sample aliquot was analyzed in a pre-rinsed sample cuvette with a 1 
cm path length. 

4.3.4 NON-PURGEABLE ORGANIC CARBON (NPOC) AND DISSOLVED ORGANIC CARBON 
(DOC) 

Sample analysis for NPOC and DOC were conducted according to LSRI/SOP/SA/47 – Measuring 
Organic Carbon in Aqueous Samples. Upon arrival at LSRI, an aliquot of each sample was filtered 
through a Whatman GF/F filter and acidified with hydrochloric acid (HCl) for analysis of DOC. An 
aliquot of each sample was acidified with hydrochloric acid (HCl) for analysis of NPOC. A 
Shimadzu Total Organic Carbon Analyzer (Model TOC-L) was used for analysis of NPOC and 
DOC. Concentrations of NPOC and DOC were determined based on a calibration curve 
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developed on the analyzer using organic carbon standards prepared from a 1000 mg/L Total 
Organic Carbon Standard (e.g., Aqua Solutions, Inc.). The Limit of Detection (LOD) for 
NPOC/DOC is 0.77 mg/L and the Limit of Quantitation (LOQ) was 2.6 mg/L. 

4.3.5 OZONE 
Ozone concentration was measured according to the method in LSRI/SOP/SA/73 – Analyzing 
Ozone Concentrations in Water. Due to the rapid decay of ozone, the test water was reacted 
immediately with an Indigo Reagent. Spectrophotometry was used to determine the 
absorbance at 600 nm. The method detection limit for ozone was dependent on the reagent 
used. The detection limit for Indigo Reagent I was 0.01 mg O3/L and the detection limit for 
Indigo Reagent II was 0.05 mg O3/L. Ten percent of the samples collected for ozone were 
analyzed in duplicate as a quality control measure and were required to have a relative percent 
difference (RPD) of <20% to be acceptable if the concentration is greater than the limit of 
quantification (LOQ, which is 10/3 the LOD value). 

4.3.6 ZOOPLANKTON 

Analysis of zooplankton samples was conducted according to LSRI/SOP/GWRC/25 – Procedure 
for Zooplankton Analysis and took place immediately after collecting and concentrating the 
individual samples. Due to the wide variation in sizes of organisms in this size class, separate 
analysis procedures performed by separate taxonomists were implemented for each of two 
sub-size classes: “microzooplankton” (e.g., rotifers, copepod nauplii, and dreissenid veligers); 
and “macrozooplankton” (e.g., copepods, cladocerans, and other macroinvertebrates). 
Microzooplankton, though usually larger than 50 µm, are generally less than 100 µm in 
minimum dimension, and were examined in a Sedgwick-Rafter counting chamber with a 
compound microscope at a magnification of 40–100X. Macrozooplankton are always greater 
than 50 µm, and generally greater than 200 µm in minimum dimension, and were analyzed in a 
Ward’s counting wheel at a magnification of 20–30X using a dissecting microscope.  

Because rough estimates indicated densities greater than 100 live/m3 in treatment and control 
samples, all zooplankton samples were enumerated using the dead/total method described in 
LSRI/SOP/GWRC/25 by an indirect count of a portion of the original concentrated sample. First, 
all the dead organisms present in a subsample were counted, then dilute acetic acid was added 
to effectively preserve the organisms. A second count followed, which included the total 
number of organisms in the subsample. The number of dead organisms was subtracted from 
the number of total organisms resulting in the number of live organisms in the subsample. 
Analysis for both micro and macrozooplankton included the analysis of a least 600 organisms 
collectively when possible or four subsamples each when the density was low. At least two (or 
up to four subsamples) or a minimum of 300 organisms total were analyzed for 
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microzooplankton; and at least two (or up to four subsamples) or a minimum of 300 organisms 
total were analyzed for macrozooplankton. 

 

4.3.7 PROTISTS 

Live analysis occurred within six hours of sample collection, with samples stored in a laboratory 
refrigerator during the interim. Sample analysis was conducted according to 
LSRI/SOP/GWRC/30 – Procedure for Protist Sample Analysis. For each sample analysis, a 1.5-mL 
subsample of the concentrated sample was transferred to a 5 mL sample container, with 6 µL of 
fluorescein diacetate (FDA) viability stain stock solution and 15 µL of chloromethylfluorescein 
diacetate (CMFDA) added. The subsample was allowed to incubate in the dark for 10 minutes. 
The incubated sample was mixed, and 1.0 mL immediately transferred to a Sedgwick-Rafter 
cell, covered and placed on the stage of a compound microscope that was set for simultaneous 
observation using brightfield and epifluorescence. Prepared samples were counted for 20 
minutes maximum and then counts were repeated two more times, preparing a new slide each 
time, until three replicates were analyzed, 6 mL of water was counted for treatment or cleaning 
samples, or the sample holding time was reached, whichever came first. Single-cell entities and 
cells comprising colonial and filamentous entities were characterized as follows: alive = cells 
showing obvious green fluorescence from cell contents; dead = cells showing no or very little 
evidence of green fluorescence from cell contents (not counted); and ambiguous = cells whose 
level of fluorescence was difficult to discern. Records were kept of transect lengths and widths 
using the Sedgewick-Rafter grid so that the total counted area and volume analyzed could be 
calculated. Cells ≥10 µm and <50 µm in minimum dimension were counted. Cells that were 
greater than 50 μm in minimum dimension were noted but not included in calculations. The 
remaining concentrated sample in the 25 mL bottle was archived using Lugol’s solution for long-
term storage.  

4.3.8 BACTERIA 

For analysis of bacteria samples, multiple analyses procedures based on standard methods for 
analysis of total culturable heterotrophic bacteria, Escherichia coli, and Enterococcus spp. were 
employed. LSRI is certified by the Wisconsin Department of Agriculture, Trade, and Consumer 
Protection (DATCP) to analyze drinking and surface water (Total Coliform, E. coli and SimPlate).  

For culturable, aerobic, heterotrophic bacteria, analysis followed LSRI/SOP/GWRC/32 – 
Procedure for Enumerating Culturable Heterotrophic Bacteria. Briefly, 1 mL samples were 
diluted in a ten-fold dilution series using sterile ambient harbor water. One hundred µL of the 
appropriate dilutions were spread on Heterotrophic Plate Count Agar (HPCA). HPCA Plates were 
incubated at 20°C for 7 days after which colonies were counted and reported in CFU/mL.   
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The density of total coliform bacteria and E. coli was determined using LSRI/SOP/SA/56 – 
Detection and Enumeration of Total Coliforms and E. coli Using Colilert®, which was based on 
IDEXX’s patented Defined Substrate Technology (DST®). Briefly, 100 mL of sample was mixed 
with Colilert media, poured into the Quanti-Tray/2000, sealed, and incubated at 35°C for 24–28 
hours. Positive wells were counted, and results were reported in MPN/100 mL, which correlates 
well with CFU/100 mL.  

The density of Enterococci was determined using LSRI/SOP/SA/62 – Detection and Enumeration 
of Enterococcus Using IDEXX Enterolert®, which is also based on IDEXX’s patented Defined 
Substrate Technology (DST®). Briefly, 100 mL sample and media were mixed, poured into the 
Quanti-Tray/2000, sealed, and incubated at 41°C for 24–28 hours. Results were reported in 
MPN/100 mL, which correlates well with CFU/100 mL. 

5 BIOLOGICAL EFFICACY TEST RESULTS   

Data summaries for biology, water quality and chemistry, Montreal Pier Facility operations and 
NBOT 2x7.5 HP-60 operations resulting from conducting a Commissioning Trial and three 
successful BE test cycles are presented below. The dates of uptake and discharge for the 
commissioning and test cycles, as well as duration of treatment and irregularities encountered 
when conducting a trial are displayed in Table 4. 

Table 4. Dates and Duration of Test Cycles during Biological Efficacy Evaluation.  

Test 
Cycle 

Date of 
Uptake 

Date of 
Discharge 

Hours of 
Treatment 

Notes 

COM 22 June 2021 28 June 
2021* 

97 hr 4 min NA 

1 2 July 2021 6 July 2021 96 hr A power surge from city occurred on 6 
July 2021 with 70 minutes of down time. 

The system was restarted and 70 
minutes added to treatment time. VFD 

on systems pumps were faulted. 
2 8 July 2021 13 July 2021 120 hr NA 
3 15 July 2021 20 July 2021 120 hr 5 min Power surge from city to Test Cycle 1 on 

17 July 2021 caused 25 minutes 
shutdown. System run for extra 25 
minutes on 20 July 2021.  VFD on 

systems pumps were faulted. 

* Treatment ended on 26 June 2021. 
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5.1 BIOLOGICAL, WATER QUALITY, AND FACILITY OPERATIONAL CONDITIONS ON UPTAKE 

This section summarizes biological and water quality challenge conditions during uptake 
sampling of commissioning and test cycles. Table 5 displays operational parameters measured 
during the uptake of the commissioning trial and three test cycles. Uptake duration ranged 
from 40.33 min to 41.17 min and the control and retention tank volumes all exceeded the 
target of 225 m3. 

Table 5. Operational Parameters Measured on Uptake during Commissioning and Three Biological Efficacy Trials. 

Test 
Cycle 

Uptake 
Duration 

(min) 
  

Control 
Flow 
Rate 

(m3/hr) 
  

  

Treatment 
Flow Rate 

(m3/hr) 
  

  

Sampling 
Flow Rates 

(m3/hr) 
  

Sample 
Volumes  

(m3) 

Control 
Retention 

Tank 
Volume 

(m3)  
  
  

Treatment 
Retention 

Tank 
Volume 

(m3) 
  

  

COM 40.67 332 332.6 4.57, 4.54, 
4.58 

3.10, 3.08, 
3.11 225.5 225.9 

1 41.17 330.9 333.6 4.60, 4.58, 
4.62 

3.17, 3.15, 
3.17 227.6 229.5 

2 40.67 331.6 330.8 4.54, 4.53, 
4.55 

3.11, 3.09, 
3.12 227 225.9 

3 40.33 335.7 335.2 4.61, 4.58, 
4.61 

3.12, 3.11, 
3.13 227 226.1 

The uptake concentration of organisms in the three regulated size classes (zooplankton, protist 
and bacteria) are presented in Table 6. Only zooplankton and protist uptake densities were 
measured during the commissioning trial. In all trials, the densities of all three size classes 
represented the acceptable uptake criteria designated in the test plan (Table 2), indicating 
robust challenge conditions were present during testing although ETV challenge densities were 
not met.  



  Abbreviated Title: NBOT 2x7.5HP-60 
Date Issued: 21 January 2022 

 

Page 24 of 46 
 

Table 6. Concentration of Organisms in the Three Regulated Size Classes Including Standard Error of the Mean 
(SEM) in Uptake Water Samples Collected during Commissioning and Three Biological Efficacy Test Cycles. 

Test Cycle ≥ 50 µm 
live/m3 

(Zooplankton) 

Mean 
≥ 10 µm and 
< 50 µm live 

cells/mL 
 (Protist) 

(SEM) 
 

Mean < 10 µm (Bacteria) 
Total 

heterotrophic 
bacteria 
CFU/mL 
(SEM) 

Total 
Coliforms 
MPN/100 

mL 
(SEM) 

E. coli 
MPN/100 

mL 
(SEM) 

Enterococci 
MPN/100 mL 

(SEM) 

ETV 
minimum 

105  103 103 NA NA NA 

COM 1.5E+06 623 
(121) 

NC NC NC NC 

1 1.4E+06 1045 
(119) 

10,000 
(606) 

680.9 
(67.8) 

12.5 
(2.1) 

13.0 
(1.3) 

2 2.5E+05 775 
(327) 

7,700 
(346) 

1305.5 
(60.8) 

27.6 
(1.6) 

14.9 
(1.0) 

3 2.0E+05 631 
(38) 

5,300 
(555) 

256.8 
(30.7) 

15.1 
(1.2) 

10.2 
(2.9) 

The water quality parameters measured during uptake operations are shown in Table 7. As 
stated in Table 2, ambient water quality was used throughout the NBOT 2x7.5 HP-60 testing. As 
a comparison, ETV protocol challenge conditions minimum required values are shown in Table 
7. DOC values met the ETV requirements but ambient TSS, POM and MM values were 
significantly less than the ETV requirement.   

Table 7. Water Quality Parameter Averages Including Standard Deviation (SD) Measured from Three Discrete 
Grab Samples Collected during Control Uptake.  

Test Cycle TSS 
(mg/L) 

(SD) 

POM 
(mg/L)  

(SD) 

MM 
(mg/L)  

(SD) 

% UVT filtered 
(SD) 

 

NPOC (mg/L)  
(SD) 

DOC (mg/L)  
(SD) 

ETV 
minimum  

>24 >4 >20 - - > 6  

COM 6.1 
(0.2) 

<1.25* 
(NC) 

4.9 
(0.1) 

50.0 
(0.2) 

8.2 
(0.1) 

7.9 
(0.2) 

1 5.3 
(1.5) 

1.3* 
(NC) 

3.8 
(1.2) 

53.8 
(0.1) 

7.6 
(0.2) 

7.5 
(0.2) 

2 6.3 
(0.6) 

1.8 
(0.2) 

4.5 
(0.5) 

54.6 
(0.2) 

7.0 
(0.1) 

7.2 
(0.1) 

3 4.0 
(0.2) 

<1.25* 
(NC) 

2.8 
(0.1) 

60.5 
(0.1) 

6.3 
(0.2) 

6.1 
(0.2) 
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* One or more values used to calculate the average were below the detection limit. When this occurs, half of the detection limit 
is used and the SEM is not able to be calculated. NC = Not Calculable 
 
The water chemistry measurements taken via a flow cell during the uptake operations are 
shown in Table 8. During the commissioning trial, measurements were made on both the 
control and treatment lines. In subsequent trials, only the control line was sampled as 
validation testing has shown no significant difference exists between the control and treatment 
uptake lines. The commissioning trial had lower average temperatures (17.30°C) than were 
present in test cycles 1-3 (20.46–21.43°C). Salinity was the same for all trials. Average dissolved 
oxygen values ranged from 8.06-9.12 mg/L. Specific conductivity average values ranged from 
167.0–173.0 µS/cm. Average pH values ranged from 7.57-7.98. Turbidity and chlorophyll a 
values had more variability than the other parameters that were measured. It has been 
observed that the turbidity values during uptake can fluctuate widely based on variable 
sediment load or bubbles present in the flow cell. Chlorophyll a average values ranged from 
4.37–7.10 µg/L.  
 
Water chemistry measurements taken in the control and treatment retention tanks are 
exhibited in Table 9. In general, the treatment process caused a 1–2°C increase in temperature, 
an increase in turbidity, and a decrease in pH. Chlorophyll a decreased in the treatment tank 
during the retention time, likely a result of the treatment system causing a decrease in protist 
numbers. Dissolved oxygen numbers were the most significantly impacted, with values in the 
treatment tank about 32 mg/L higher than in the control tank.  
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Table 8. Water Chemistry Parameters Measured in a Flow Cell During Control (C) and Treatment (T) Uptake.  

Test 
Cycle 

Temperature (⁰C) Salinity 
(PSU) 

Dissolved 
Oxygen  
(mg/L) 

Specific 
Conductivity 

(µS/cm) 

pH Turbidity 
(FNU) 

Chlorophyll a 
(µg/L) 

Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max 
COM C 17.32 17.28 17.85 0.08 0.08 0.08 9.12 8.76 9.92 167.0 166.1 167.6 7.60 7.48 7.90 11.75 8.83 39.28 6.23 5.37 7.21 

T 17.28 17.23 17.51 0.08 0.08 0.08 9.02 8.69 10.19 167.0 166.4 167.6 7.57 7.49 7.82 43.38 8.85 231.3 5.56 3.95 7.45 

1 C 20.72 20.51 21.22 0.08 0.08 0.08 8.84 8.44 9.93 170.0 169.2 171.3 7.98 7.78 8.12 10.59 6.73 104.3 5.07 2.22 6.66 

2 C 20.46 20.42 20.51 0.08 0.08 0.08 8.71 8.41 9.86 173.0 172.7 173.1 7.96 7.86 8.09 9.81 7.47 39.65 7.10 3.72 8.54 

3 C 21.43 21.35 22.00 0.08 0.08 0.08 8.06 7.67 9.49 170.8 169.5 172.0 7.79 7.70 7.92 30.47 5.81 206.4 4.37 0.07 5.91 

 

Table 9. Water Chemistry Parameters Measured in Control (C) and Treatment (T) Retention Tanks. 

Test 
Cycle 

Temperature (°C) Salinity 
(PSU) 

Dissolved 
Oxygen(mg/L) 

Specific 
Conductivity 

(µS/cm) 

pH Turbidity 
(FNU) 

Chlorophyll a 
(µg/L) 

Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max 
COM C 18.38 17.30 19.35 0.08 0.08 0.08 8.65 8.35 8.99 167.6 167.0 168.1 7.63 7.58 7.70 8.04 6.44 9.58 4.47 2.55 7.98 

T 20.33 17.31 21.62 0.08 0.08 0.08 40.41 9.04 48.67 168.6 167.0 169.9 7.35 7.20 7.71 8.33 7.33 9.81 1.76 0.13 9.78 

1 C 22.63 20.72 24.44 0.08 0.08 0.08 8.14 7.64 8.78 171.2 169.9 172.2 7.86 7.76 8.04 4.29 2.61 7.09 3.15 1.24 8.29 

T 23.80 20.74 26.33 0.08 0.08 0.08 38.10 9.66 47.39 170.2 168.3 171.8 7.45 7.19 7.93 6.10 5.25 7.15 2.06 0.08 10.16 

2 C 20.70 19.94 21.46 0.08 0.08 0.08 7.95 7.53 8.62 173.5 172.9 174.1 7.89 7.78 8.09 4.67 2.61 8.22 4.97 2.07 14.69 

T 22.10 20.41 23.72 0.08 0.08 0.08 40.90 9.32 49.44 174.1 172.8 175.3 7.37 7.09 8.05 6.77 5.86 9.00 1.14 0.01 6.12 

3 C 22.28 21.41 23.15 0.08 0.08 0.08 7.52 7.14 8.05 171.5 170.7 172.2 7.71 7.62 7.84 3.79 2.25 7.00 2.00 0.93 8.27 

T 23.74 21.48 25.57 0.08 0.08 0.08 39.70 9.40 47.96 172.3 171.0 173.3 7.36 7.12 7.93 4.90 4.23 5.77 0.69 0.00 5.39 
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5.2 BIOLOGICAL, WATER QUALITY, AND FACILITY OPERATIONAL CONDITIONS ON 
DISCHARGE 

The operational parameters measured during the treatment discharge and control discharge 
are shown in Table 10 and Table 11, respectively.  The discharge operations during the 
commissioning trial were conducted without monitoring the parameters shown in the tables, 
therefore, there is no data for the commissioning trial during discharge. The control discharge 
always occurred after the treatment discharge, which is reflected in the longer retention times 
prior to control discharges. There were no significant differences in the flow rates, line 
pressures or sample volumes between the control and treatment discharges.   

Table 10. Operational Parameters Measured during Treatment Discharge Procedures. 

Test 
Cycle 

Treatment 
Retention 
Time (hr) 

Treatment 
Discharge 
Duration 

(min) 

Facility 
Flow Rate 

(m3/hr) 

Facility 
Line 

Pressure 
(bar) 

Sampling Flow 
Rates 

(m3/hr) 

Sample 
Volumes (m3) 

1 98.21 40.67 334.9 1.58 4.57, 4.57, 4.56 3.12, 3.12, 3.12 

2 120.97 40.00 333.2 1.43 4.58, 4.58, 4.57 3.09, 3.08, 3.07 

3 121.33 40.00 334.7 1.44 4.59, 4.59, 4.56 3.09, 3.09, 3.09 

 

Table 11. Operational Parameters Measured during Control Discharge Procedures. 

Test 
Cycle 

Control 
Retention 
Time (hr) 

Control 
Discharge 
Duration 

(min) 

Facility 
Flow Rate 

(m3/hr) 

Facility 
Line 

Pressure 
(bar) 

Sampling Flow 
Rates 

(m3/hr) 

Sample 
Volumes (m3) 

1 100.35 40.00 333.0 1.61 4.56, 4.53, 4.56 3.07, 3.06, 3.08 

2 122.99 39.00 337.3 1.43 4.61, 4.60, 4.62 3.02, 3.01, 3.04 

3 123.37 39.33 336.1 1.49 4.62, 4.59, 4.63 3.06, 3.04, 3.07 

 

The densities of the regulated size classes in the control and treatment discharge are displayed 
in Table 12. The biological acceptance criteria for the control discharge (Table 3) were met for 
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all size classes in each of the test cycles except the density of protists in the third trial was 
slightly below the discharge requirement. This is likely due to the long hold time in the 
retention tank. Zooplankton densities in the treatment discharge were 2–3 orders of magnitude 
less than in the control discharge in all three test cycles. Protist densities in the treatment 
discharge were below the US Coast Guard ballast water discharge standard in all three trials 
after the commissioning trial (Table 1), although uptake densities in all but the first trial were 
below the ETV requirement. Within the <10 µm size class, the E. coli densities in both the 
control and treatment discharge were below the detection limit. Enterococci densities in the 
control discharge were greater than in the treatment discharge but densities in both were near 
the detection limit. Total coliform bacteria densities were 99.8% lower in treatment discharge 
than they were in control discharge. Total heterotrophic bacteria densities in the treatment 
discharge were higher in all three test cycles than in the control discharge. This observation has 
been made during previous GWRC bench scale tests using ambient harbor water and in 
conjunction with other treatment systems tested at the Montreal Pier Facility. Disinfection has 
the potential to generate easily degradable substrate and nutrients that can serve as important 
sources of carbon, nitrogen and phosphorus for microorganisms. Opportunistic bacteria may 
become dominant and impact community dynamics of microorganisms (Hess-Erga et al. 2019). 
Although community composition of heterotrophic bacteria is not documented by GWRC 
analysts, it has been observed that the diversity of colony morphology in treated samples is 
often much lower than the diversity in control samples, indicating one or two bacteria types 
may be thriving due to changes in the treated water (e.g. increased nutrients, higher 
temperature).   

In an effort to achieve biological effectiveness closer to the USCG discharge limits, the 
treatment duration was extended from 96 hours to 120 hours following test cycle 2. This longer 
treatment time did appear to have a greater effectiveness as the densities in treatment 
discharge of all regulated size classes were lower in test cycles 2 and 3 than in the 
commissioning and test cycle 1 with the exception of the protist density in test cycle 3. 
However, the initial protist density in test cycle 3 was greater than in the other test cycles 
(Table 6).
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Table 12. Concentration of Organisms in the Three Regulated Size Classes in Treated Discharge Water Samples as Compared to Control Discharge Water 
Samples during Commissioning and Three Biological Efficacy Test Cycles. 

Test 
Cycle 

Treated Discharge Control Discharge 
≥ 50 µm 
live/m3 

(Zoo-
plankton) 

≥ 10 µm 
and  

< 50 µm 
live 

cells/mL 
(Protists) 

< 10 µm (Bacteria) ≥ 50 µm 
live/m3 

(Zoo-
plankton) 

≥ 10 µm 
and 

 < 50 µm 
live 

cells/mL 
(Protists) 
(± SEM) 

< 10 µm  (Bacteria) 
Total 

heterotrophic 
bacteria 
CFU/mL  
(SEM) 

Total 
Coliforms 
(MPN/100 

mL) 
(SEM) 

E. coli 
(MPN/100 

mL) 
(SEM) 

Enterococci 
(MPN/100 

mL) 
(SEM) 

Total 
heterotrophic 

bacteria 
CFU/mL  
(SEM) 

Total 
Coliforms 
(MPN/100 

mL) 
(SEM) 

E. coli 
(MPN/100 

mL) 
(SEM) 

Enterococci 
(MPN/100 

mL) 
(SEM) 

COM NC 14 NC NC NC NC NC NC NC NC NC NC 

1 1,500 9 70,000 
(23,497) 

2.7 
(0.4) 

< 1 
(NC) 

< 1 
(NC) 

340,000 413 
(56) 

7,300 
(348) 

2190.7 
(228.9) 

< 1* 
(NC) 

2.2* 
(NC) 

2 390 0.4 8,600 
(1,910) 

1.7 
(0.3) 

< 1 
(NC) 

< 1 
(NC) 

160,000 253 
(54) 

6,600 
(176) 

1029.0 
(58.1) 

< 1 
(NC) 

1.9* 
(NC) 

3 250 1 4,600 
(1,557) 

< 1 
(NC) 

< 1 
(NC) 

< 1 
(NC) 

230,000 98 
(15) 

2,300 
(120) 

420.6 
(28.6) 

< 1* 
(NC) 

4.5 
(1.3) 

* One or more values used to calculate the average were below the detection limit. When this occurs, half of the detection limit is used and the 
SEM is not able to be calculated.
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Water quality parameters measured on water collected during control and treatment discharge 
are shown in Error! Reference source not found.. TSS, POM and MM concentrations are lower 
in the control discharge than the treatment discharge, but this is a systematic result rather than 
being a treatment result. During the 96 to 120-hour treatment period the particles that 
comprise those parameters can settle out in the tank. The NBOT 2x7.5 HP-60 in tank treatment 
causes agitation within the tank that resuspends some of those particles. NPOC and DOC are 
about 1 mg/L less in the treatment discharges than in the control discharges. The largest 
difference between control and treatment discharges was in %UVT values. Treatment discharge 
of %UVT averaged 26.7% higher than the control discharge. This change occurred because 
ozone produced by the NBOT system oxidized components of the water including DOC. As 
described in Morris et al., 1995, DOC and UVT are inversely related.  

One notable result of the test cycles was that ozone was only detected in the sample water in 
the commissioning trial (0.018 mg/L) and in test cycle 3 on discharge although it was analyzed 
for in all test cycles. In the test cycle 3 discharge, ozone was measured in the control (0.02 
mg/L) and treatment (0.01 mg/L) samples.  

Table 13. Average Water Quality Parameters Including Standard Deviation (SD) from Discrete Grab Samples 
Collected During Discharge Operations.  

Test 
Cycle 

Sample  
Type 

TSS (mg/L) 
(SD) 

POM 
(mg/L) 

(SD) 

MM 
(mg/L) 

(SD) 

% UVT 
filtered 

(SD) 
 

NPOC 
(mg/L) 

(SD) 

DOC 
(mg/L) 

(SD) 

1 Control <1.25* 
(NC) 

<1.25* 
(NC) 

<1.25* 
(NC) 

54.9 
(0.1) 

7.5 
(0.1) 

7.2 
(0.1) 

Treatment 3.0 
(0.1) 

<1.25* 
(NC) 

2.1 
(0.1) 

81.3 
(0.1) 

6.5 
(0.1) 

6.1 
(0.0) 

2 Control 1.7 
(0.2) 

<1.25* 
(NC) 

<1.25* 
(NC) 

56.8 
(0.5) 

7.2 
(0.2) 

6.9 
(0.1) 

Treatment 2.6 
(0.1) 

<1.25* 
(NC) 

2.1 
(0.2) 

84.1 
(0.3) 

6.2 
(0.1) 

5.8 
(0.1) 

3 Control <1.25* 
(NC) 

<1.25* 
(NC) 

<1.25* 
(NC) 

60.9 
(0.1) 

5.7 
(0.1) 

5.7 
(0.2) 

Treatment <1.25* 
(NC) 

<1.25* 
(NC) 

<1.25* 
(NC) 

87.3 
(0.7) 

4.9 
(0.3) 

4.7 
(0.3) 

 * One or more values used to calculate the average were below the detection limit. When this occurs, half of the detection 
limit is used and the SEM is not able to be calculated. 
NC = Not Calculable 
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The water chemistry parameters as measured with a sonde deployed in a flow cell during the 
control and treatment discharge are presented in Table 14. The same trends measured and 
observed in the control and treatment retention tanks (Table 9) were present during the 
discharge period. The temperature was slightly more than 2°C higher in the treatment 
discharge water than in the control discharge water. The control and treatment discharge water 
were similar in terms of salinity and specific conductivity. Turbidity was elevated in the treated 
discharge water relative to the control. Dissolved oxygen was markedly higher in the treated 
water than control. Both the pH and chlorophyll a values were lower in the treated discharge 
water than in the control discharge water.  
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Table 14. Water Chemistry Parameters Measured in a Flow Cell with a Sonde During Control and Treatment Discharge. NM= Not Measured. 

Test 
Cycle 

Temperature (°C) Salinity 
(PSU) 

Dissolved 
Oxygen(mg/L) 

Specific 
Conductivity 

(µS/cm) 

pH Turbidity 
(FNU) 

Chlorophyll a 
(µg/L) 

Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max Avg Min Max 
1 C 23.72 23.29 23.83 0.08 0.08 0.08 8.02 7.80 12.43 171.9 170.3 172.1 7.75 7.69 7.76 3.62 3.05 10.10 1.73 1.62 1.84 

T 25.87 25.61 25.94 0.08 0.08 0.08 42.68 37.79 43.61 172.4 171.9 172.8 7.19 7.18 7.26 6.63 5.98 9.98 0.16 0.08 0.21 

2 C 21.53 21.46 21.61 0.08 0.08 0.08 8.13 7.77 10.91 174.4 174.2 174.4 7.73 7.67 7.74 4.52 3.76 7.62 2.56 2.35 2.83 

T 23.73 23.68 23.76 0.08 0.08 0.08 46.54 42.14 47.43 175.0 174.8 175.2 7.07 7.07 7.13 9.04 7.80 20.69 0.17 0.10 0.27 

3 C 22.85 22.77 22.89 0.08 0.08 0.08 7.61 7.38 11.73 172.2 171.9 172.3 7.56 7.47 7.59 3.34 2.94 6.75 1.14 1.06 1.23 

T 25.36 25.22 25.39 0.08 0.08 0.08 41.20 35.99 42.27 173.0 172.8 173.3 6.93 6.91 7.06 8.21 5.80 155.5 0.10 0.04 0.16 
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6 DEVIATIONS 

During the course of testing with NBOT 2x7.5 HP-60, there were several deviations that occurred from 
the test plan (Table 15..  None of the deviations had significant impact on the outcome of the testing.  

Table 15. Deviations and Corrective Actions. 

Test ID Code  Deviation and Root Cause of 
Deviation or Quality Control 
Failure 

Description of 
Corrective 
Action(s) 

Describe the Impact on the Project/Test 

21-NBT2-C  Pans/filters used to determine TSS 
and POM in the treatment samples, 
method blank and QCI-171 (pan ID 
1-47 to 1-51) were only weighed 
one time during the initial 
preparation of the filter (prior to 
sample filtration). 

 Didn't verify with lab binder that 
the 2nd drying weight for 
preparation was recorded. 

Double check 
binder to be sure 
all pans/filters 
have been 
weighed twice 
prior to sample 
filtration. 

Minimal. The difference between the first 
and second dry weights during filter 
preparation are always less than 0.0005 
grams. 

21-NBT2-1 
Uptake 

 Duplicate out of precision criteria 
range for Enterococcus analysis. 

 Results contained low counts, 95% 
confidence interval for results, 
according to IDEXX MPN generator 
overlapped between results, 
indicating no significant difference. 

No corrective 
action required. 

No impact, 95% confidence intervals 
overlapped indicating no significant 
difference in duplicates according to IDEXX 
MPN generator. 

21-NBT2-2 
Discharge 

 Duplicate out of range for Total 
coliform analysis. 

 Results contained low counts, 95% 
confidence interval for results, 
according to IDEXX MPN generator 
overlapped between results, 
indicating no significant difference. 

No corrective 
action required. 

No impact, 95% confidence intervals 
overlapped indicating no significant 
difference in duplicates according to IDEXX 
MPN generator. 

21-NBT2-2 
Discharge 

 Method BLK for HPCA analysis was 
positive containing 2 colonies on 
the plate. 

 Unknown. Possible mold in air, on 
cell spreader, or in diluent. 

No corrective 
action required. 

No impact. All other blanks associated with 
analysis date and media blank were 
negative. Blanks containing same lot of 
diluent (FSW061021HJS-3) passed for both E. 
coli and Enterococcus on same analysis day, 
media blank associated with batch for HPCA 
also passed. Qualitative sterility checks of 
diluent on 7-13-21 and of media 
HPCA070921DNN on 7-12-21 indication no 
bacterial growth. Colonies appeared to be 
more mold-like than bacteria indicating 
spores from the air are the likely cause. Air 
quality in BSC has shown to be acceptable 
via air density test on 7-2-21. An additional 
two colonies would not affect final sample 
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Test ID Code  Deviation and Root Cause of 
Deviation or Quality Control 
Failure 

Description of 
Corrective 
Action(s) 

Describe the Impact on the Project/Test 

counts as counts are rounded to prevent 
fictitious precision and accuracy. 

21-NBT2-3 
Uptake 

 Method BLK for HPCA analysis was 
positive containing 5 colonies on 
the plate. 

 Unknown. Possible mold in air, on 
cell spreader, or in diluent. Update 
HJS 7-28-21 Discharge D-DIL-BLK 
(from diluent tubes of same batch) 
was positive indicating 
growth/contamination in diluent.  

No corrective 
action required. 
Update HJS 7-28-
21 -Remaining 
FSW061021HJS-
3 tubes were 
discarded. 

No impact. All other blanks associated with 
analysis date and media blank were 
negative. Blanks containing same lot of 
diluent (FSW061021HJS-3) passed for both E. 
coli and Enterococcus on same analysis day, 
media blank associated with batch for HPCA 
also passed. Qualitative sterility checks of 
diluent on 7-13-21 and of media 
HPCA070921DNN on 7-12-21 indication no 
bacterial growth. Colonies appeared to be 
more mold-like than bacteria indicating 
spores from the air are the likely cause. Air 
quality in BSC has shown to be acceptable 
via air density test on 7-2-21. An additional 
five colonies would have minimal affect final 
sample counts as we may round up or down 
by this many colonies for the counts 
reported. 

21-NBT2-3 
Discharge 

 NPOC Spike 21-NBT2-3_T-SP9a-1 
was spiked at a concentration of 2 
mg/L instead of 10 mg/L and was 
outside the percent agreement 
range at 67%. DOC Spike 21-NBT2-
3_T-SP9a-2 was also spiked at a 
concentration of 2 mg/L instead of 
10 mg/L but was within the 
acceptable percent agreement 
range so was used. We will be short 
one NPOC duplicate due to not 
using the NPOC spike, putting us at 
7.4% instead of 10% of samples 
spiked in duplicate. 

 Spiking with 50 µL of 1000 mg/L 
total organic carbon standard 
instead of 250 µL. 

Double check 
pipette is set to 
250 µL for 
spiking samples. 

Minimal, only 7.4% of NPOC samples were 
spiked in duplicate instead of 10%. 10% of 
DOC samples were spiked in duplicate. 

21-NBT2-3 
Discharge 

 Method BLK labeled D-DIL for HPCA 
analysis was positive containing 36 
colonies on the plate. 

 Unknown. Possible mold in air, on 
cell spreader, or in diluent. Likely 
diluent contamination as same 
batch was used on uptake resulting 
in positive growth. 

Remaining 
diluent tubes 
discarded. Did 
not report 
diluted samples. 
Only reported 
results for 
undiluted 
samples. 

Minimal; although 4 of the undiluted plates 
had > 300 
Colonies, they were still countable with 
minimal crowding. 
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Test ID Code  Deviation and Root Cause of 
Deviation or Quality Control 
Failure 

Description of 
Corrective 
Action(s) 

Describe the Impact on the Project/Test 

21-NBT2-1 
Uptake 

 HPCA samples C-SP2c-M-3 10-1 P1 
and C-SP2c-M-2 10-3 P3 were 
incubated right side up for 6 out of 
the 7-day incubation period. 
Forgetfulness of analyst. 

No corrective 
action required. 

Minimal as counts for those plates were not 
significantly different than other 2 replicates 
within the dilution. 

21-NBT2  Did not perform a QC count during 
zooplankton analysis. 

 QC counts require analysts to be in 
close contact for an extended 
period of time. This had not yet 
been allowed due to COVID 
restrictions. 

No corrective 
action required. 

No impact. The zooplankton analysts are 
experienced and are historically able to pass 
QC counts without trouble. 

21-NBT2-1 
Discharge 

 Sample: 21-NBT2-1_T-SP10a_ZP 
%CV for micro- and 
macrozooplankton subsamples 
(counted together) were >20%. 

 Treatment discharge sample had a 
low density which caused the 
subsample counts to be low. CVs 
not meeting the ≤20% data quality 
objective may be deemed valid if 
the subsample sizes are small, in 
which very small, non-significant 
differences between counts could 
cause the data to fall outside the 
acceptance criteria. 

No corrective 
action required. 

No impact. The subsample's mean and 
standard deviation were low. 

21-NBT2-2 
Discharge 

Sample: 21-NBT2-2_T_SP10c_ZP 
 %CV for microzooplankton 

subsamples were >20%. 
 Treatment discharge sample had a 

low density which caused the 
subsample counts to be low. CVs 
not meeting the ≤20% data quality 
objective may be deemed valid if 
the subsample sizes are small, in 
which very small, non-significant 
differences between counts could 
cause the data to fall outside the 
acceptance criteria. 

No corrective 
action required.  

No impact. The subsample's mean and 
standard deviation were low.  

21-NBT2-3 
Discharge 

 Sample: 21-NBT2-3_T-SP10a_ZP 
%CV for micro- 
and macrozooplankton subsamples 
(counted separately) were >20%. 

 Treatment discharge sample had a 
low density which caused the 
subsample counts to be low. CVs 

No corrective 
action required.  

No impact. The subsample's mean and 
standard deviation were low.  
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Test ID Code  Deviation and Root Cause of 
Deviation or Quality Control 
Failure 

Description of 
Corrective 
Action(s) 

Describe the Impact on the Project/Test 

not meeting the ≤20% data quality 
objective may be deemed valid if 
the subsample sizes are small, in 
which very small, non-significant 
differences between counts could 
cause the data to fall outside the 
acceptance criteria. 

21-NBT2  Did not perform a QC count during 
protist analysis. 

 QC counts require analysts to be in 
close contact for an extended 
period of time. This had not yet 
been allowed due to COVID 
restrictions. 

No corrective 
action required. 

No impact. The protist analysts are 
experienced and are historically able to pass 
QC counts without trouble. 

7 QUALITY ASSURANCE/QUALITY CONTROL 

7.1 BACTERIA TESTING 

The data quality objectives (DQO) for bacteria analyses conducted during the evaluation of the 
NBOT 2x7.5HP-60 are summarized in Table 16. Data quality objectives for precision, bias and 
accuracy and completeness (i.e., method blanks, duplicate agreements, and quantitative 
positive and negative controls) were all within acceptable limits. 

Table 16. Data Quality Objective Table for Bacteria Sample Analysis. 

Data Quality 
Indicator 

Evaluation Process/ 
Performance 
Measurement 

Data Quality 
Objective 

Performance Measurement Result 

Precision Samples (10%) are 
analyzed in duplicate – 
with performance 
measured Rlog not 
greater than precision 
criterion (PC) 

 

Rlog not greater than 
0.667 for E. coli 

E. coli:  6 of 27 (22%) reported 
samples were analyzed in duplicate; 
Rlog for 3 were not calculable as both 
samples were < 1 MPN/100mL, 
remaining 3 average Rlog = 0.085 

Rlog not greater than 
0.236 for Total 
Coliforms 

Total Coliforms:  6 of 27 (22%) 
reported samples were analyzed in 
duplicate; Rlog for 1 was not calculable 
as both samples were < 1 
MPN/100mL, remaining 5 average Rlog 
= 0.145 
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Data Quality 
Indicator 

Evaluation Process/ 
Performance 
Measurement 

Data Quality 
Objective 

Performance Measurement Result 

Rlog not greater than 
0.349 for Enterococcus 
spp. 

E. faecium:   6 of 27 (22%) reported 
samples were analyzed in duplicate; 
Rlog for 3 were not calculable as both 
samples were < 1 MPN/100mL, 
remaining 3 average Rlog = 0.254 

Rlog not greater than 
0.296 for 
heterotrophic bacteria 

Heterotrophic Bacteria: 6 of 27 (22%) 
reported samples were analyzed in 
duplicate; Rlog for one was not 
calculable as counts were >300, 
remaining 5 average Rlog = 0.155 

Bias, Operator Samples (10%) are 
counted by two 
separate analysts with 
performance measured 
by average relative 
percent difference 
(RPD) of all second 
counts. 

<20% average RPD E. coli/Total Coliforms:  No QA Counts 
by second analyst due to staff 
availability. 18 of 54 (33%) samples 
analyzed recounted by same analyst; 
Average RPD=0% 

E. faecium: 23 of 55 (42%) analyzed 
samples counted by 2nd analyst; 
Average RPD=0.99% 

<20% average RPD Heterotrophic Bacteria: 31 of 283 
(11%) samples analyzed were counted 
by second analyst; Average RPD= 
3.53% 

Bias, Positive 
Control 

Qualitative positive 
control samples 
(American Type Culture 
Collection) are analyzed 
on each analysis date or 
IDEXX-QC samples are 
analyzed as a 
quantitative positive 
control at least once per 
ballast water treatment 
system test. 

Results must be 
greater than the limit 
of detection.  

E. coli/Total Coliforms: Qualitative 
Positive controls >1 MPN/100 mL n=4 

E. faecium: Qualitative Positive 
controls >1 MPN/100 mL n=4 

Bias, Negative 
Control 

Qualitative negative 
control samples 
(American Type Culture 

Results must be less 
than the limit of 
detection. 

E. coli/Total Coliforms: Qualitative 
Negative controls <1 MPN/100 mL, 
n=6 
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Data Quality 
Indicator 

Evaluation Process/ 
Performance 
Measurement 

Data Quality 
Objective 

Performance Measurement Result 

Collection) are analyzed 
on each analysis date or 
IDEXX-QC samples are 
analyzed as a negative 
control at least once per 
ballast water treatment 
system test. 

E. faecium: Qualitative Negative 
controls <1 MPN/100 mL, n=6 

Bias, Method Sterilized water (similar 
matrix sample) analyzed 
using same method as 
samples on each 
analysis date. 

Results must be less 
than the limit of 
detection. 

E. coli/Total Coliforms: All method 
blanks <1 MPN/100 mL, n=6 

E. faecium: All method blanks <1 
MPN/100 mL, n=6 

Heterotrophic Bacteria: 3 of 6 method 
blanks <1 CFU/ mL, n=6 

Bias, Diluent Blank 

  

One per analysis day, 
diluent (e.g., sterile 
deionized water, sterile 
harbor water) blank run 
analyzed using same 
media as samples  

Results must be less 
than the limit of 
detection. 

E. coli /Total Coliforms: Blank <1 
MPN/100 mL, n=3 

E. faecium: Blank <1 MPN/100 mL, 
n=3 

Heterotrophic Bacteria: 3 of 7 method 
blanks <1 CFU/ mL, n=7; Undiluted 
samples reported therefore no impact 
on results. 

Bias, Media Blank 

  

One per analysis day, 
analysis using same 
media as samples  

Results must be less 
than the limit of 
detection. 

Heterotrophic Bacteria: 5 of 6 HPCA 
media blanks incubated with samples 
<1 CFU/ mL; All sterility checks done 
prior to analysis were negative.  

Accuracy IDEXX-QC samples are 
analyzed as a 
quantitative positive 
control at least once per 
ballast water treatment 
system test. 

E. coli:  95–373 
MPN/100 mL 

E. coli: All quantitative analyses within 
IDEXX acceptance ranges (n=2) 

6 Jul. 2021; 178.2 MPN/100 mL 

13 Jul. 2021; 165.8 MPN/100 mL 

Total Coliforms: 35–
297 MPN/100 mL 

Total Coliforms: All quantitative 
analyses within IDEXX acceptance 
ranges (n=2) 
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Data Quality 
Indicator 

Evaluation Process/ 
Performance 
Measurement 

Data Quality 
Objective 

Performance Measurement Result 

6 Jul. 2021; 142.1 MPN/100 mL 

13 Jul. 2021; 165.8 MPN/100 mL 

E. faecalis: 77–227 
MPN/100 mL 

E. faecalis: All quantitative analyses 
within IDEXX acceptance ranges (n=2) 

6 Jul. 2021; 191.8 MPN/100 mL 

13 Jul. 2021; 195.6 MPN/100 mL 

E. faecalis as 
Heterotrophic 
Bacteria: 188–580 
MPN/1 mL 

Heterotrophic Bacteria: All 
quantitative analyses within IDEXX 
acceptance range (n=1) 

13 Jul. 2021; 390 MPN/ mL 

Representativeness All samples are 
collected, handled, and 
analyzed in the same 
manner. 

Not Applicable – 
Qualitative. 

All bacterial samples were collected, 
handled, and analyzed in the same 
manner (using the appropriate 
LSRI/GWRC SOPs). 

Comparability Routine procedures are 
conducted according to 
appropriate SOPs to 
ensure consistency 
between tests. 

Not Applicable – 
Qualitative. 

The LSRI/GWRC SOPs listed in 
Appendix A were used for all bacterial 
analyses conducted. 

Completeness Percentage of valid (i.e., 
collected, handled, 
analyzed correctly and 
meet DQOs) bacterial 
samples measured out 
of the total number of 
bacterial samples 
collected. Performance 
is measured by percent 
completeness (%C). 

>90% C. E. coli /Total Coliforms: 27 of 27 
samples = 100% Completeness 

E. faecium: 27 of 27 samples = 100% 
Completeness 

Heterotrophic Bacteria: 27 of 27 
samples = 100% Completeness 

Sensitivity The limit of detection 
(LOD) for the analytical 
method used is 
reported. 

Dependent upon the 
analytical technique 
used. Adjusted for 
volume used. 

E. coli/Total Coliforms: LOD: <1 
MPN/100 mL 

E. faecium: LOD: <1 MPN/100 mL 
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7.2 PROTIST AND ZOOPLANKTON  

As noted in the deviation table (Table 15), no quality assurance counts were conducted on 
zooplankton or protist samples due to campus regulations restricting staff members to work in 
close proximity to one another during the COVID-19 pandemic. 

7.3 WATER QUALITY AND CHEMISTRY  

The DQO for water quality and water chemistry analysis conducted during the evaluation of 
NBOT 2x7.5 HP-60 are summarized in Table 17. Data quality objectives were met for all 
measures of precision, bias, and accuracy. The percent completeness exceeded the required 
percentage for all parameters.  

Table 17. Data Quality Objective for Water Quality Sample Analysis. 

Data Quality 
Indicator 

Evaluation 
Process/Performance 

Measurement 

Data Quality 
Objective Performance Measurement Result 

Precision 

Samples (10%) were 
collected and analyzed in 

duplicate with performance 
measured by average 

relative percent difference 
(RPD). 

< 20% 
average RPD 

Percentage of Samples 
Collected and Analyzed in 

Duplicate: 
Duplicate Relative Percent 

Difference 
%TF: 15.2% %TF: 0.3 ± 0.2% 

%TU: 15.2% %TU: 0.3 ± 0.2% 

NPOC: 15.2% %NPOC: 5.3 ± 4.3% 

DOC: 15.2% %DOC: 3.5 ± 2.6% 

POM: 15.2% POM: 15.2 ± 33.9% 

TSS: 15.2% TSS: 3.3 ± 3.4% 

Ozone: 12.0% Ozone: 22.2 ± 38.5% 

Bias, Filter Blanks 

%T method blanks were 
prepared by filtering 

deionized water samples 
(one per analysis date). 

> 98% 
average %T 

Number of %T Method 
Blanks Analyzed: 7 

Method Blanks (%T): 99.8 ± 
0.5% 

TSS/POM method blanks 
were prepared by filtering 
deionized water samples 
from a 1L sample bottle 

(one per analysis date) and 
then drying, weighing, 

ashing and weighing the 
filter. 

< 1.25 mg/L 
average 

TSS/POM 

Number of TSS Method 
Blanks Analyzed: 7 

Method Blanks (TSS) = 
<1.25 ± 0 

Number of POM Method 
Blanks Analyzed: 7 

Method Blanks (POM) = 
<1.25 ± 0 

NPOC blanks were 
prepared by acidifying a 

volume of deionized water 
to 0.2% with concentrated 

hydrochloric acid. 

< 0.77 mg/L 
average 
NPOC 

Number of NPOC Blanks 
Analyzed: 15 Blanks (NPOC)= <0.77 ± 0 
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Data Quality 
Indicator 

Evaluation 
Process/Performance 

Measurement 

Data Quality 
Objective Performance Measurement Result 

DOC method blanks were 
prepared by filtering 

deionized water samples 
(one per analysis date). 

< 2.6 mg/L 
average 

DOC 

Number of DOC Method 
Blanks Analyzed: 7 

Method Blanks (DOC) = 
<2.6 ± 0 

Accuracy 

Samples (10%) were spiked 
with a total organic carbon 

spiking solution with 
performance measured by 

average spike-recovery 
(SPR). 

75% – 125% 
average SPR 

Percentage of NPOC/DOC 
Samples Spiked: 10.6% 

NPOC/DOC Spike Recovery 
= 94.7 ± 9.8 

Performance was 
measured by average 

percent difference (%D) 
between all measured and 

nominal reference 
standard values. 

One per 
analysis day 

< 20% 
average D 

Percentage of Analysis Days 
Containing a Reference 

Standard: 

Reference Standard 
Percent Difference 

TSS: 175% TSS: 1.3 ± 0.9% 

POM: 175% POM: 2.2 ± 1.0% 

NPOC: 100% NPOC: 9.2 ± 1.4% 

A least one 
per 10 

samples  
< 10% 

average D 

Percentage (vs total samples) 
Check Standards: 

NPOC 10 mg/L Standard % 
Difference 

NPOC/DOC: 23% 3.5 ± 2.2% 

Representativeness 
All samples were collected, 

handled, and analyzed in 
the same manner. 

Not 
Applicable – 
Qualitative. 

All water chemistry/quality samples were collected, 
handled, transported and analyzed in the same manner 

using the appropriate SOPs. 

Comparability 

Routine procedures were 
conducted according to 

appropriate SOPs to ensure 
consistency between tests. 

Not 
Applicable – 
Qualitative. 

The SOPs listed in the methods and references section were 
used for all water chemistry and water quality analyses. 

Completeness 

Percentage of valid (i.e., 
collected, handled, 

analyzed correctly and 
meeting DQOs) water 

chemistry samples 
measured out of the total 

number of water chemistry 
samples collected. 

Performance is measured 
by percent completeness 

(%C). 

> 90% C 

TSS: 100% 

%T Filtered: 100% 

%T Unfiltered: 100% 

NPOC: 100% 

DOC: 100% 

Sensitivity 

The limit of detection (LOD) 
and limit of quantification 
(LOQ) for each analyte and 
analytical method utilized 
was determined annually 

unless a reporting limit was 
used based on the amount 

filtered as was the case 
with TSS/POM. 

Not 
Applicable 

TSS/POM RL: 1.25 mg/L based on filtering 800 mL of sample 

NPOC/DOC LOD: 0.77mg/L 

NPOC/DOC LOQ: 2.6 mg/L 

Determined 14 December 2020 
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8 CONCLUSIONS AND DISCUSSION 

The LSRI-GWRC land-based evaluation of the NBOT 2x7.5 HP-60 system met the stated 
objectives as outlined in the Test Plan (Polkinghorne et al. 2021). The reported deviations and 
quality control failures do not impact LSRI-GWRC’s ability to draw conclusions on the 
performance of NBOT 2x7.5 HP-60 system during testing. The system was fully operational 
during all reported tests and was operated in accordance with the developer’s instructions. 

The overall conclusion from the biological effectiveness testing with NBOT 2x7.5 HP-60 is that 
the system is highly effective at controlling concentrations of algae, bacteria and motile 
zooplankton in ambient Duluth-Superior Harbor water quality challenge conditions (Table 12). 
The concentrations of all three regulated size classes showed a significant decrease following 
treatment with the NBOT 2x7.5 HP-60 system. 

Voyage routes for Laker vessels are typically 8 to 72 hours (Waterhouse et al. 2013). At 
treatment times of 120 hours in ambient Duluth-Superior Harbor water, which did not meet the 
ETV challenge conditions, the densities of the protist and bacteria regulated classes met USCG 
Standards (2012) while zooplankton densities exceeded USCG discharge standards. In order for 
the NBOT 2x7.5HP-60 system to be viewed as a more viable option for treating Great Lakes 
ballast water, work will need to be done to increase the ozone input to expediate the treatment 
effect.  

A potential drawback of the elevated oxygen levels following treatment in ballast water 
treatment tanks (Table 9, Table 14) is that it may increase the rate of corrosion within Laker 
ballast tanks. Generally, lower dissolved oxygen levels will decrease the rate of corrosion while 
elevated dissolved oxygen levels will increase corrosion rates (Lysogorski et al. 2011). Great 
Lakes vessels ballast tanks are typically uncoated steel unlike seagoing vessels that use 
corrosion inhibiting coatings (Malewitz 2019). The bare metal within the ballast tanks would be 
exposed to a high-oxygen environment, which could increase the rate of corrosion within the 
tanks. 

A future area of research for the effectiveness of the NBOT 2x7.5 HP-60 system would be to 
conduct testing at a variety of ambient temperatures. The testing conducted at the Montreal 
Pier Facility had a very small variance of temperature, 17.28–21.43°C (Table 8), but for much of 
the Great Lakes shipping season (i.e., March through December) the average surface water 
temperature is less than 10°C. This information would be helpful for vessel owners/operators to 
know before installing a BWMS. Another area of continued research would be the 
determination of disinfection byproducts (DBPs)—if any—produced by the NBOT 2x7.5 HP-60 
system. Typically, treatment systems that utilize advanced oxidative processes produce DBPs 
when in contact with dissolved organic matter (Zhang et al. 2013).   
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Appendix A. LSRI and GWRC Standard Operating Procedures Associated with NBOT 2x7.5 HP-60 
Biological Efficacy Testing. 

CATEGORY TITLE CODE 

Field Studies 
Procedure for Calibration of YSI EXO2 Series 

Multiparameter Water Quality Sondes 
LSRI/SOP/FS/39 

Field Studies 
Procedure for Operation and Storage of YSI EXO2 

Multiparameter Water Quality Sondes 
LSRI/SOP/FS/41 

General Lab 
Maintenance 

Procedure for Calibration and Operation of pH Meters 
Utilizing Automatic Temperature Compensation (ATC) 

LSRI/SOP/GLM/05  

General Lab 
Maintenance 

Procedure for Verification of Laboratory Balances LSRI/SOP/GLM/12 

General Lab 
Maintenance 

Procedure for Thermometer Verification and Calibration LSRI/SOP/GLM/17 

General Lab 
Maintenance 

Procedure for Verifying the Accuracy of Laboratory 
Pipettes 

LSRI/SOP/GLM/27 

General Lab 
Maintenance 

Autoclave Use and Maintenance LSRI/SOP/GLM/33 

Great Waters Research 
Collaborative 

Operating the Montreal Pier Facility LSRI/SOP/GWRC/19 

Great Waters Research 
Collaborative 

Cleaning and Performing Cleaning Validation of the 
Montreal Pier Facility 

LSRI/SOP/GWRC/21 

Great Waters Research 
Collaborative 

Procedure for Calibrating the Pressure Sensors and Flow 
Meters at the Montreal Pier Facility 

LSRI/SOP/GWRC/22 

Great Waters Research 
Collaborative 

Procedure for Cleaning the Sample Collection Tubs and 
Zooplankton Sample Collection Equipment 

LSRI/SOP/GWRC/24 

Great Waters Research 
Collaborative 

Procedure for Zooplankton Analysis LSRI/SOP/GWRC/25 
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CATEGORY TITLE CODE 

Great Waters Research 
Collaborative 

Collecting Water Chemistry Samples and Data at the 
Montreal Pier Facility 

LSRI/SOP/GWRC/27 

Great Waters Research 
Collaborative 

Collecting Protist and Microbial Samples at the Montreal 
Pier Facility  

LSRI/SOP/GWRC/28 

Great Waters Research 
Collaborative 

Zooplankton Sample Collection at the Montreal Pier Facility LSRI/SOP/GWRC/29 

Great Waters Research 
Collaborative 

Procedure for Protist Analysis LSRI/SOP/GWRC/30 

Great Waters Research 
Collaborative 

Labeling Samples Collected at the Montreal Pier Facility LSRI/SOP/GWRC/31 

Great Waters Research 
Collaborative 

Procedure for Enumerating Culturable Heterotrophic 
Bacteria 

LSRI/SOP/GWRC/32 

Recordkeeping Sample Custody and Tracking LSRI/SOP/REC/15 

Sample Analysis Measuring Organic Carbon in Aqueous Samples LSRI/SOP/SA/47  

Sample Analysis 
Detection and Enumeration of Total Coliforms and E. coli 

Using IDEXX Colilert® 
LSRI/SOP/SA/56 

Sample Analysis 
Detection and Enumeration of Enterococcus Using IDEXX 

Enterolert® 
LSRI/SOP/SA/62 

Sample Analysis 
Analyzing Total Suspended Solids, Particulate Organic 

Matter, and Mineral Matter 
LSRI/SOP/SA/66 

Sample Analysis  
Laboratory Determination of Percent Transmittance of 

Light in Water at 254 nm 
LSRI/SOP/SA/69 

Sample Analysis Analyzing Ozone Concentrations in Water LSRI/SOP/SA/73 
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