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Project: Catherine Hill Bay Water Utility
Client: Rose Group
Title: Non‐Potable Water Preliminary Risk Assessment for IPART Application
Author: BI
Date (Revision): 10/07/2013 (Revision B)
Risk Criteria: As per Tables 2.5, 2.6 & 2.7: Australian Guidelines for Water Recycling: Managing Health and Environmental Risks‐phase 1 (2006)

Risk Risk
Trace contaminants 
in MBR effluent feed 
water

Trace contaminants following 
MBR treatment

Potential impacts on recycled 
water uses

C  Possible   2  Minor    Moderate   1. Majority residential catchment hence there is a low likelihood of significant trace contaminants being present in 
recycled water.  Refer to sewerage wastewater generation risk assessment table.
2. Customer supply contracts, recycled water use agreements and ongoing awareness and education through 
information provided with rates notices and via the CHB Water Utility Website.
3. Detailed annual recycled water quality monitoring for trace contaminants.
4. If contaminants are detected a source control investigation will be undertaken through analysis of trade waste 
and raw wastewater data.
5. If required additional treatment will be provided in the AWTP using reverse osmosis, activated carbon or ion 
exchange.

B  Unlikely   2  Minor    Low  

Poor water quality 
from MBR 

MBR blower failure, shock 
loads, membrane failure etc

Poor quality feed water to 
AWTP

D  Likely   3  Moderate    High   1. Continuous online monitoring and alarms on critical MBR process parameters MLSS, DO, Permeate Turbidity, UV 
Intensity, transmembrane pressure.
2. Shut down AWTP if MBR produces poor quality effluent.

B  Unlikely   2  Minor    Low  

Wet weather 
storage dam

Contamination of 
wet weather storage

Contaminants in wet weather 
storage going to AWTP during 
high demand

Poor quality feed water to 
AWTP

D  Likely   3  Moderate    High   During certain high demand situations the AWTP will take water from the wet weather storage.
1. Regular inspection for evidence of vermin access, e.g. mosquito larvae, bird nests etc or early detection of algae 
outbreaks.
2. UF prefilter on supply line from wet weather storage into AWTP.
3. Emergency response plan for algae outbreak which will include chemical treatment and/or aeration/mixing of 
pond.
4. If contamination detected, shut off supply from wet weather storage to AWTP.  Note: Potable water top up 
available if recycled water storage tank levels get too low.

B  Unlikely   3  Moderate    Moderate  

Pathogen break 
through from UF 
membranes

Rupture of membrane fibres Non‐compliant recycled water D  Likely   4  Major    Very high   1. Use USEPA accredited ultrafiltration membranes.
2. Membrane integrity testing by air pressure decay as per manufacturer requirements.
3. Continuous online monitoring of UF permeate turbidity with alarms and automatic shutdown.
4. Continuous online monitoring and alarms on transmembrane pressure.
5. High quality MBR permeate as feed water.
6. Membrane chemical cleaning in line with manufacturer requirements to maximise membrane life.
7. Design flux, TMP and other process parameters as per manufacturer recommendations to maximise membrane 
life.

B  Unlikely   4  Major    High  

Inadequate 
pathogen 
inactivation due to 
low UV dose

Inadequate UV dose caused by 
lamp failure, reactor fouling, 
high flow, poor feed water 
quality

Non‐compliant recycled water D  Likely   4  Major    Very high   1. Use  USEPA accredited UV disinfection system.
2. Continuous online monitoring of UV intensity and UV lamp faults with alarms and automatic shutdown.
3. Continuous online monitoring of flow through the UV reactor with alarms and automatic shutdown.
4. UV unit to include self cleaning functions.
5. Design and operation of UV unit as per manufacturer recommendations.
6. Replace UV lamps every 12 months.

B  Unlikely   4  Major    High  

Inadequate 
pathogen die off due 
to low CT in chlorine 
contact tank

Inadequate CT due to low 
chlorine concentration, high 
flow, low level in CCT, high 
COD, high temperature, 
incorrect pH

Non‐compliant recycled water D  Likely   4  Major    Very high   1. Chlorine contact tank designed to USEPA standards.
2. Continuous online monitoring of free chlorine residual and pH at outlet of the CCT with alarms and automatic 
shutdown.
3. Continuous online monitoring of flow and water level in the CCT with alarms and automatic shutdown.

B  Unlikely   4  Major    High  

High salt 
concentration

High salt concentration in feed 
water

Non‐compliant recycled water C  Possible   2  Minor    Moderate   1. Continuous online monitoring and control of EC/TDS in blended product water.  The ratio of UF permeate 
diverted to the RO automatically increases as feed water EC/TDS increases. 
2. Continuous online monitoring of  feed water MBR permeate EC/TDS with alarms. 
3. If there is persistent high TDS in MBR permeate feed water then a source control investigation will be undertaken 
through review of catchment raw wastewater quality and trade waste data.

B  Unlikely   2  Minor    Low  

Process chemicals Spillage of chemicals used in 
the AWTP process

Potential OH&S and public 
health impacts.
Potential environmental 
impacts in receiving 
environment

D  Likely   3  High   1. Appropriate bunding and separation in chemical storage and delivery areas. 
2. Standard operating procedures to be developed for use of all chemicals.
3. MSDS of all chemicals maintained onsite.
4. Emergency Response Plan for chemical spillages.

B  Unlikely   2  Minor    Low  

Scheme 
Component

Hazard Hazardous Event

MBR treated 
source water

Advanced Water 
Treatment Plant

Impact
Unmitigated Risk Mitigated Risk

Likelihood Consequence Likelihood Consequence
Control Strategy
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Risk Risk
Scheme 

Component
Hazard Hazardous Event Impact

Unmitigated Risk Mitigated Risk
Likelihood Consequence Likelihood Consequence

Control Strategy

Metals, organic 
chemicals and other 
potential trace 
contaminants.

Presence of excessive amounts 
of metals, organic chemicals 
and other trace contaminants in 
treated water

Potential OH&S, public health 
and environmental impacts.

C  Possible   2  Minor    Moderate   1. Prevention strategy based around Trade Waste Agreements, Residential Supply Agreements, ongoing awareness 
and education at each billing cycle.
2. Predominately residential catchment, hence the likelihood of significant levels of contaminants is low.
3. Detailed annual monitoring of treated recycled water quality for trace contaminants at NATA laboratory.
4. If contaminants are detected a source control investigation will be undertaken through review of catchment raw 
wastewater and trade waste data.
5. If required additional treatment will be provided in the AWTP through activated additional RO treatment, carbon 
adsorption and/or ion exchange processes.

C  Possible   2  Minor    Moderate  

UF membrane 
chemical cleaning 
wastewater or UV 
acid clean 
wastewater

Management of chemical 
contaminated wastewater

Potential impacts on the MBR 
treatment process if 
inappropriately managed

E  Almost 
certain  

4  Major    Very high   1. Temporary storage or all chemical contaminated wastewater from UF membrane and/or UV disinfection unit 
cleaning.
2. Neutralisation of all chemical contaminated wastewater before controlled trickle feed back to the MBR inlet 
balance tank.
3. If process impacts are observed on the MBR then offsite disposal of chemical wastewater will be undertaken by 
licensed waste contractor.

C  Possible   3  Moderate    High  

Vector borne 
diseases

Vermin or mosquito access to 
recycled water storage tank

Non‐compliant recycled water E  Almost 
certain  

3  Moderate    High   1. Storage tank constructed to potable water standards with mosquito screens on all tank openings and overflows.
2. Regular monitoring and inspection for evidence of vermin or mosquito access.
3. If observed contaminated water will be wasted or if appropriate chemical treatment of the storage will be 
undertaken by addition of chlorine tablets, hydrogen peroxide or similar.

B  Unlikely   3  Moderate    Moderate  

Overflows Tank overflow due to failure of 
level controls

Overflow to the environment C  Possible   2  Minor    Moderate   1. Storage tank overflows directly to the wet weather storage or inlet balance tank. B  Unlikely   1  Insignificant    Low  

Decay of free 
chlorine residual 
during storage

Loss of adequate free chlorine 
residual due to equipment 
failure, high temperature, long 
detention time or high COD

Non‐compliant recycled water D  Likely   3  Moderate    High   1. Recirculation system with free chlorine monitoring and sodium hypochlorite dosing and alarms on the recycled 
water storage tank.
2. If required chlorine tablets can be manually applied to the storage.

B  Unlikely   3  Moderate    Moderate  

Blue green algae Blue green algae growth in non‐
potable water storage tank

Non‐compliant recycled water B  Unlikely   2  Minor    Low   1. Storage tank covered to prevent sunlight access and algae growth.
2. Regular inspection and monitoring of non‐potable water storage tank.

A  Rare   2  Minor    Low  

Unintended contact 
with recycled water 
in storage

Human access to storage Potential public health impacts D  Likely   2  Minor    Moderate   1. Storage located inside the fenced and secure WWTP site.
2. Warning signage around the perimeter of the site and on each storage tank.
3. CCTV recording at the WWTP site.
4. Lockable manhole access points.

B  Unlikely   2  Minor    Low  

Tank failure Tank failure Flooding, contamination of 
surface water

C  Possible   2  Minor    Moderate   1. Tank constructed from steel panel tanks with civil/structural engineer certification for tank and footings.
2. Quality assurance in construction.
3. Bollard fence around tanks if there is a risk of vehicular or machinery damage.

B  Unlikely   2  Minor    Low  

Tank materials Dissolution of trace metals into 
recycled water

Non‐compliant recycled water C  Possible   2  Minor    Moderate   1. Ensure all tank materials are compatible for use with potable water.
2. Metallic tanks to be lined with a food grade polymer liner to avoid dissolution of metals.

A  Rare   2  Minor    Low  

Non‐Potable 
Water Supply 
System

Cross connections Cross connection with the CHB 
Water Utility potable water 
network

Contamination of potable water 
supply for up to 470 ET

D  Likely   4  Major    Very high   1. Only approved contractors or staff that have undergone CHB Water Utility induction can perform work on  water 
utility infrastructure.
2. Potable and non‐potable reticulation networks to be designed, constructed and tested in accordance with WSAA 
standards.
3. Water pressure in non‐potable network to be maintained a minimum of 50 kPa below pressure in the potable 
network.
4. Quality assurance, inspection and pressure testing during construction.
5. Ongoing monitoring of water pressure and electrical conductivity in both networks during operation to assist 
with detection of cross connections.
6.  Unique pipe materials in each water network. Potable network will use blue PVC and the non‐potable will use 
lilac striped HDPE pipe.
7. Minimum pipe separation distances to be maintained in common trenches.  Potable water pipework to be 
located above non‐potable water pipework. 
8. Identification tape and signage on all trenches.
9. Potable water is used in the non‐potable water network until Stage 2 when the AWTP is constructed. Compliance 
audits will be undertaken prior to introducing recycled water to the network.
10. Conservative AWTP log reduction targets based on Table 3.7 in AGWR (2006).

B  Unlikely   4  Major    High  

Non‐Potable 
Water Storage 
Tank

Advanced Water 
Treatment Plant 
continued…
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Risk Risk
Scheme 

Component
Hazard Hazardous Event Impact

Unmitigated Risk Mitigated Risk
Likelihood Consequence Likelihood Consequence

Control Strategy

Cross connections 
continued…

Cross connection with potable 
water line on private property

Potential use of non‐potable 
water for potable uses inside 
the affected property (up to say 
6 EP)

D  Likely   3  Moderate    High   1. All plumbing work on private property to be undertaken by Licensed plumber in compliance with AS3500 and the 
NSW Plumbing Code.
2. Plumbing inspection during house construction.
3. Dual check valve to be located at the potable water connection point for each property.
4. Residential Customer Supply Contracts outlining responsibilities under the scheme.
5. Ongoing customer awareness and education with information provided at each billing cycle and on the CHB 
Water Utility website.
6. Conservative AWTP log reduction target based on Table 3.7 in AGWR (2006).

C  Possible   3  Moderate    High  

Unintended or 
inappropriate uses 
of recycled water

Unintended uses of recycled 
water like swimming pool top 
up, drinking from outdoor taps, 
ingestion from excessive spray 
drift etc

Potential use of non‐potable 
water for potable uses

E  Almost 
certain  

3  Moderate    High   1. Residential customer supply contracts and recycled water use agreements.
2. Ongoing awareness and education with information provided at each billing cycle and on the CHB Water Utility 
website.
3. Appropriate identification and signage to be installed by plumbing contractor and verified during construction 
and plumbing inspection.
4. Appropriate pricing levels so non‐potable water is not significantly lower in cost than potable water.
5. Flow monitoring to detect larger than normal flows
6. Conservative AWTP log reduction targets based on Table 3.7 in AGWR (2006).

B  Unlikely   3  Moderate    Moderate  

Loss of chlorine 
residual

Loss of chlorine residual due to 
long detention time, high 
temperature, high COD

Non‐compliant recycled water D  Likely   3  Moderate    High   1. Chlorine dosing regime will be calibrated for each season to ensure the minimum required free chlorine residual 
is maintained at the furthest point in the reticulation system.
2. Weekly monitoring of free chlorine throughout the reticulation system and in select private dwellings.

B  Unlikely   3  Moderate    Moderate  

Pipe breakage  Pipe breakage due to 
excavation or machinery that 
leads to surface runoff of 
recycled water

Potential contamination of 
surface waters

C  Possible   2  Minor    Moderate   1. PN16 HDPE pipe with welded joints and fittings.
2. Quality assurance and pressure testing during construction.
3. Above ground signage and identification tape in all trenches.
4. Register all work as executed plans with dial before you dig service and on the CHB Water Utility GIS. 
5. Pressure and flow monitoring in the network to assist with detecting pipe breaks. 
6. Visual inspection for wet, green, boggy areas or signs of soil erosion.
7. Customer fault reporting and response procedures in customer service.
8. Emergency Response Plan for main breaks.
9. All stormwater at the site is treated using bioretention basins in the stormwater treatment train.

B  Unlikely   2  Minor    Low  

Minor pipe leaks Minor leaks from pipe joints 
and fittings

Potential contamination of 
groundwater

D  Likely   2  Minor    Moderate   1. PN16 HDPE pipe with welded joints and fittings.
2. Quality assurance and pressure testing during construction.
3. Visual inspection for green, wet and boggy areas.
4. Monitor flows throughout the network to identify water losses.
5. Use leak detection systems if required.

B  Unlikely   2  Minor    Low  

Indoor uses on 
private lots for 
toilet flushing and 
washing machine 
cold water

Pathogens Unintended uses Potential public health impacts E  Almost 
certain  

3  Moderate    High   1. Class A+ recycled water with conservative log reduction targets.
2. Laundry washing machine cold water supply to be hard plumbed.
3. Residential customer supply contracts and recycled water use agreements.
4. Ongoing awareness and education with information provided at each billing cycle and on the CHB Water Utility 
website.
5. Appropriate identification and signage to be installed by plumbing contractor and verified during construction 
and plumbing inspection.
6. Appropriate pricing levels so non‐potable water is not significantly lower in cost than potable water.
7. Flow monitoring to detect larger than normal flows.

B  Unlikely   3  Moderate    Moderate  

Pathogens Human contact and ingestion of 
spray drift or surface runoff

Potential public health impacts C  Possible   2  Minor    Moderate   1. Conservative AWTP log reduction target based on Table 3.7 in AGWR (2006).
2. Customer supply contracts, recycled water use agreements and ongoing customer education and awareness.

B  Unlikely   1  Insignificant    Low  

Nutrients Excessive nutrient loads in 
irrigation

Potential contamination of soil 
and groundwater

C  Possible   2  Minor    Moderate   1. AWTP treated recycled water contains low nutrients of TN<7 mg/L & TP<0.25 mg/L and under normal irrigation 
rates and recycled water availability should not result in excessive nutrient impacts.
2. Detailed soil monitoring will be undertaken annually on private land on the 3 biggest users of non‐potable water 
in the scheme based on customer non‐potable water meter readings.
3. If required customers will be advised to reduce irrigation rates or other management measure as per the 
recycled water supply agreement. 

B  Unlikely   2  Minor    Low  

Non‐Potable 
Water Supply 
System 
continued…

Uncontrolled 
outdoor non‐
potable uses on 
private lots, i.e. 
irrigation and 
washdown
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Risk Risk
Scheme 

Component
Hazard Hazardous Event Impact

Unmitigated Risk Mitigated Risk
Likelihood Consequence Likelihood Consequence

Control Strategy

Irrigation with high salt recycled 
water

Reduction in plant growth and 
poor appearance

C  Possible   2  Minor    Moderate   1. The AWTP includes a side stream reverse osmosis process to maintain salt concentrations at around 500 mg/L 
TDS as per potable water standards.
2.  Irrigation at 500 mg/L TDS is unlikely to result in vegetation impacts, except for some specific species that may 
have very low tolerance to salt.
3. Customer supply contracts and recycled water use agreements will advise customers not to irrigate specific 
plants with very low tolerance to salt.

A  Rare   2  Minor    Low  

Washdown using high salt 
recycled water

Corrosion of customer private 
assets

C  Possible   2  Minor    Moderate   1. The AWTP includes a side stream reverse osmosis process to maintain salt concentrations at around 500 mg/L 
TDS as per potable water standards.

A  Rare   2  Minor    Low  

SAR Irrigation with high SAR 
recycled water

Potential impacts on soil 
structure

C  Possible   2  Minor    Moderate   1. Sandy soil profile hence the sodicity issues should not be significant.
2. Annual soil monitoring of Exchangeable Sodium Percent will be undertaken on the 3 biggest recycled water users 
based on customer non‐potable water metre records.
3. If required customers will be required to reduce irrigation rates or undertake a gypsum application based on the 
recycled water use agreement.
4. If required the SAR of the recycled water supply will be reduced to <5 through by addition of calcium and 
magnesium and/or by reducing sodium inputs.

B  Unlikely   2  Minor    Low  

Irrigation with low or high pH 
recycled water

Long term pH impacts on soil D  Likely   2  Minor    Moderate   B  Unlikely   2  Minor    Low  

Washdown with high or low pH 
recycled water

Potential corrosion of private 
assets

D  Likely   2  Minor    Moderate   B  Unlikely   2  Minor    Low  

Chlorine Irrigation using recycled water 
with high chlorine 
concentration

Potential impacts on vegetation 
and soil microorganisms

D  Likely   2  Minor    Moderate   1. Maximum free residual chlorine concentration of 2 mg/L.
2. Develop site specific chlorine dosing regimes across all seasons.

B  Unlikely   2  Minor    Low  

Trace metals, 
organic chemicals 
and other potential 
trace contaminants.

Trace contaminants present 
during irrigation

Potential impacts on soil and 
vegetation

C  Possible   3  Moderate    High   1. Majority residential catchment hence there is a low likelihood of significant trace contaminants being present in 
recycled water.
2. Customer supply contracts, recycled water use agreements and ongoing awareness and education through 
information provided with rates notices and via the CHB Water Utility Website.
3. Detailed annual recycled water quality monitoring for trace contaminants.
4. If contaminants are detected a source control investigation will be undertaken through analysis of trade waste 
and raw wastewater data.
5. If required additional treatment in the AWTP will be provided using reverse osmosis, activated carbon or ion 
exchange.

B  Unlikely   3  Moderate    Moderate  

Cross connection 
with potable 
network

Cross connection between open 
space irrigation network and 
potable water networks

Contamination of potable water 
supplies

D  Likely   5  Catastrophic    Very high   Cross connection control plan will be developed for the scheme and will include the following requirements for the 
Open Space Irrigation Network:
1. Water pressure in Open Space Irrigation Network to be maintained a minimum of 50 kPa pressure below the 
pressure in the potable network.
2. Unique pipe materials. Open Space Irrigation Network is to use Lilac PVC pipe.
3. Only approved, trained and supervised plumbing contractors are permitted to work on reticulation systems.
4. Monitoring of pressure and salinity differential between potable and non‐potable water networks

B  Unlikely   3  Moderate    Moderate  

Unintended uses or 
human contact with 
recycled water

Unintended uses or human 
contact with recycled water

Potential health impacts D  Likely   3  Moderate    High   1. Irrigation of high quality "Class A+" recycled water only
2. No above ground taps or fixtures in public open space irrigation areas.
3. Appropriate warning signage in all open space irrigation areas.
4. Lockable irrigation valves pits and controllers etc.
5. Soil moisture probes and weather station override on irrigation controllers to prevent irrigation during rainfall, 
high wind or elevated soil moisture.
6. Surface sprinklers with spray drift control including sprinkler nozzles that operate under low pressure with a large 
droplet size and low throw height.

A  Rare   3  Moderate    Low  

Spray drift during 
irrigation

Spray drift onto sensitive 
receptor

Potential ingestion of recycled 
water

E  Almost 
certain  

3  Moderate    High   1. Irrigation of high quality "Class A+" recycled water only
2. Soil moisture probes and weather station override on irrigation controllers to prevent irrigation during rainfall, 
high wind or elevated soil moisture.
3. Surface sprinklers with spray drift control including sprinkler nozzles that operate under low pressure with a large 
droplet size and low throw height.

A  Rare   2  Minor    Low  

Irrigation during wet 
weather

Irrigation during wet weather 
resulting in surface runoff or 
deep percolation of effluent

Contamination of surface 
and/or groundwaters

E  Almost 
certain  

3  Moderate    High   1. A 10 ML wet weather storage dam and a 0.85 ML recycled water storage tank provides sufficient storage during 
wet weather.
2. Soil moisture probes and weather station override on irrigation controllers to prevent irrigation during rainfall, 
high wind or elevated soil moisture.

A  Rare   2  Minor    Low  

Salinity

pH

Uncontrolled 
outdoor non‐
potable uses on 
private lots, i.e. 
irrigation and 
washdown 
continued…

Stage 2 ultimate 
Public Open Space 
Irrigation System

1. Maintain pH between 6.5 and 8.5 as per potable water standards.
2. Continuous online monitoring, control and alarms on pH correction system.
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Project: Catherine Hill Bay Water Utility
Client: Rose Group
Title: Non‐Potable Water Preliminary Risk Assessment for IPART Application
Author: BI
Date (Revision): 10/07/2013 (Revision B)
Risk Criteria: As per Tables 2.5, 2.6 & 2.7: Australian Guidelines for Water Recycling: Managing Health and Environmental Risks‐phase 1 (2006)

Risk Risk
Scheme 

Component
Hazard Hazardous Event Impact

Unmitigated Risk Mitigated Risk
Likelihood Consequence Likelihood Consequence

Control Strategy

Irrigation rates and 
scheduling

Inappropriate irrigation 
scheduling

Increased risk of surface and 
ground water contamination

C  Possible   2  Minor    Moderate   1. Irrigation scheduling will use programmable irrigation controllers to control irrigation frequency, time and 
duration. Irrigation rates will be calibrated to ensure no ponding.
2. Irrigation rates will be seasonally adjusted in the irrigation controller to match seasonal irrigation demand.

B  Unlikely   2  Minor    Low  

Recycled water Surface runoff during irrigation Potential contamination of 
surface water

C  Possible   3  Moderate    High   1. All irrigation areas to use irrigation scheduling controls to control the time, frequency and duration of irrigation 
events.
2. Soil moisture probes and weather station override on irrigation controllers to prevent irrigation during rainfall or 
elevated soil moisture.
3. Site based storm water run off and environmental controls.

B  Unlikely   2  Minor    Low  

Nitrogen Excessive nitrogen load 
resulting in leaching of nitrate 
from irrigation areas

Contamination of groundwater C  Possible   3  Moderate    High   1. Irrigation of "Class A+" recycled water with total nitrogen concentration of 7 mg/L and low average irrigation 
rates of around 0.9 mm/day.
2. MEDLI modelling indicates all nitrogen applied in irrigation is taken up by vegetation.
3. MEDLI modelling indicates negligible nitrate concentration in deep drainage.

B  Unlikely   2  Minor    Low  

Phosphorus Excessive phosphorous load 
resulting in leaching of 
phosphate from irrigation area

Contamination of groundwater C  Possible   3  Moderate    High   1. Irrigation of "Class A+" recycled water with total phosphorus concentration of 0.25 mg/L and low average 
irrigation rates of around 0.9 mm/day.
2. MEDLI modelling indicates the majority of phosphorus applied in irrigation is taken up by vegetation.
3. MEDLI modelling indicates negligible phosphate concentration in deep drainage.
4. MEDLI modelling predicted Phosphorus adsorption into soil at a low rate of 0.3 kg/ha/year.
5. Critical P‐sorption life of the soil is conservatively estimated to be >166 years based on P‐sorption capacity of 
holocene sand.

B  Unlikely   2  Minor    Low  

Effluent Salinity Impacts on plant growth due to 
salinity

Reduction in plant growth and 
water and nutrient uptake rates

C  Possible   2  Minor    Moderate   1. MEDLI modelling indicated no impacts on plant growth due to salinity based on a conservative effluent TDS of 
1500 mg/L.
2.  Landscape design processes will ensure appropriate vegetation is selected in temporary irrigation areas that can 
tolerate the required salt concentrations.
3.  The natural sandy top soil profile and relatively high rainfall at the site will assist with flushing of salt through the 
soil profile to minimise potential salinity impacts on vegetation. 

B  Unlikely   3  Moderate    Moderate  

Effluent SAR Long term sodicity impacts on 
soil

Soil dispersion, reduction in 
permeability

C  Possible   2  Minor    Moderate   1. Topsoil profile is dominated by sand, hence the likelihood of sodicity impacts is low.
2. Detail geotechnical testing to be undertaken for each development stage will avoid areas with high clay content 
and Exchangeable Sodium Percentage (ESP).
3. Ongoing monitoring of soil cations will detect changes in soil ESP over time.
4. If required gypsum/lime application to irrigation areas will be undertaken. 
5.  If required the irrigation water SAR will be adjusted through addition of calcium/magnesium or reduction in 
sodium inputs to maintain effluent SAR<5.

B  Unlikely   2  Minor    Low  

Metals and trace 
contaminants

Trace contaminants is irrigation 
supply resulting in long term 
accumulation in irrigation area

Contamination of soil and 
groundwater

C  Possible   2  Minor    Moderate   1. Source catchment is >99% domestic wastewater hence the likelihood of trace contaminants is low.
2. Customer awareness campaigns, supply contracts, trade waste agreements and recycled water use agreements 
will further reduce the likelihood of events occurring.
3.  Detailed monitoring of effluent quality for trace contaminant will be undertaken annually using a NATA 
accredited laboratory.
4. Soil monitoring in open space irrigation area will identify any build up or increase in contaminants. 
5. If contaminants are detected then an investigation into the likely source will be undertaken and trade 
waste/source controls implemented.
6. If required additional treatment processes can be installed, e.g. BAC, ion exchange.

B  Unlikely   2  Minor    Low  

Recycled water Pipe breakage Potential contamination of 
surface or groundwater

C  Possible   2  Minor    Moderate   1. Flow and pressure monitoring in the irrigation supply system.
2. Visual inspection to identify boggy areas or erosion etc.
3. Fault and main break reporting system through customer service processes.

B  Unlikely   2  Minor    Low  

Odour  Odour released during irrigation Odour impacts on nearby 
residents

B  Unlikely   2  Minor    Low   1. Irrigation of high quality "Class A+" recycled water with low BOD A  Rare   2  Minor    Low  

Stormwater runon Stormwater running onto 
irrigation areas from upgradient

Water logging of irrigation area D  Likely   2  Minor    Moderate   1. Stormwater diversion drains to divert all upgradient stormwater runoff around effluent irrigation areas.
2. Appropriate buffers to waterways, ponds, stormwater drains and SEPP14 wetlands

A  Rare   2  Minor    Low  

Percolation to 
groundwater 

Excessive percolation of 
effluent to groundwater

Contamination of groundwater C  Possible   3  Moderate    High   1. Low long term average irrigation rate of approximately 0.9 mm/day, hence low risk of groundwater 
contamination.
2. Minimal presence of groundwater within 3 metres of ground surface is geotechnical investigation.
3. High quality effluent with low nutrients.
4. MEDLI modelling indicates negligible concentrations of nutrients in deep drainage for conservative sandy soil 
profile.
5. A minimum of 600mm sandy loam topsoil cover will be provided on irrigation areas if there is potential for 
seasonal high water table.

B  Unlikely   2  Minor    Low  

Stage 2 ultimate 
Public Open Space 
Irrigation System 
continued…
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Qualitative measures of likelihood

 Level    Descriptor  

A  Rare  

B  Unlikely  

C  Possible  

D  Likely  

E  Almost certain  

Qualitative measures of consequence or impact

 Level    Descriptor  

1  Insignificant  

Qualitative risk analysis matrix: Level of risk

1 2 3 4 5

Insignificant   Minor   Moderate   Major   Catastrophic  

A Rare    Low    Low    Low    High    High  

B Unlikely    Low    Low    Moderate    High    Very high  

C Possible    Low    Moderate    High    Very high    Very high  

D Likely    Low    Moderate    High    Very high    Very high  

E Almost certain    Low    Moderate    High    Very high    Very high  

5  Catastrophic  
Health — Major impact for large population  
Environment — Potentially lethal to regional ecosystem or threatened species; widespread on‐site and off‐site impacts  

Consequences

 Likelihood  

3  Moderate  
Health — Minor impact for large population  
Environment — Potentially harmful to regional ecosystem with local impacts primarily contained to on‐site  

4  Major  
Health — Major impact for small population  
Environment — Potentially lethal to local ecosystem; predominantly local, but potential for off‐site impacts  

 Might occur or should be expected to occur within a 5‐ to 10‐year period  

 Will probably occur within a 1‐to 5‐year period  

 Is expected to occur with a probability of multiple occurrences within a year  

 Example Description from AGWR

Insignificant impact or not detectable  

2  Minor  
Health — Minor impact for small population  
Environment — Potentially harmful to local ecosystem with local impacts contained to site  

NON‐POTABLE WATER
QUALITATIVE ENVIRONMENTAL AND PUBLIC HEALTH RISK ASSESSMENT CRITERIA 

From tables 2.5, 2.6 and 2.7 on Page 39 of the Australian Guidelines for Water Recycling Managing Health & Environmental Risks Phase 1  (2006)

 Example Description from AGWR
 May occur only in exceptional circumstances. May occur once in 100 years  

 Could occur within 20 years or in unusual circumstances  
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Glossary 
RWQMP: Recycled Water Quality Management Plan 

CCP: Critical Control Point 

DHS: Department of Health Services 

REIP: Regional Environmental Improvement Plan 

EPA: Environmental Protection Agency 

HACCP: Hazard Analysis and Critical Control Point 

HEMP: Health and Environment Management Plan 

LRV: Log Reduction Value 

TPU: Treatment Process Unit 

UF: Ultrafiltration 

MF: Microfiltration 

UV: Ultraviolet 

RO: Reverse Osmosis 
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1 Introduction 

1.1 Purpose of the Recycled Water Quality Management 
Plan 

This Recycled Water Quality Management Plan (RWQMP) has been prepared by Solo Water 
for the proposed Fyansford Utility Scheme for the Fyansford Green (Moltoni Corporation) and 
Riverlee (Riverlee Corporation) developments located approximately 4.0 kilometres to the North 
West of the Geelong Central Activities District on the Hamilton Highway as shown in Figure 1 
below. 

 

Figure 1, Fyansford Utility Locality Map 

Solo Water has recently formed a new company, Fyansford Utilities Pty Ltd to provide 
management services for the pressure sewer collection system, the sewage treatment MBR 
plant, the AWT plant, ground water desalination plant, recycled water storage, recycled water 
pressure pumps, irrigation storages, irrigation transfer pumps, groundwater feed pumps, bore 
water pumps and recycled water reticulation system for all residential and commercial 
properties on the developments.  Fyansford Utility operational structure is presented in 
Appendix 1. 
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The Fyansford Utility scheme will be responsible for supply only of recycled water to the 
irrigation dam on Queens Park, while the irrigation system for the golf course and playing fields 
in Queens Park will be managed by Greater Geelong City Council. 

This plan includes detailed information on the production and supply of recycled water from the 
system catchment to the end of the treatment process. It addresses the responsibilities of 
Fyansford Utility Pty Ltd in the provision of recycled water and identifies the monitoring and 
controls that is necessary to produce water of an appropriate quality for the proposed end uses. 
Detailed information on the validation of treatment processes will also be included as part of this 
plan. 

1.2 Management Commitment 

The management of the Fyansford Utility is committed to the responsible use and management 
of recycled water through the implementation of preventative risk management. In doing so, 
Fyansford Utility management will endeavour to ensure that adequate resources are provided 
for recycled water programs. This includes adherence to the RWQMP, Hazard Analysis Critical 
Control Point (HACCP) plans and the Health and Environment Management Plans (HEMPs). 
Fyansford Utility management will also undertake its best efforts to ensure that the public are 
educated on correct recycled water use as well as the associated risks. Fyansford Utility is also 
committed to ongoing monitoring of these programs by undertaking audits of the recycled water 
management systems and through detailed investigation of human health and environmental 
incidents. Fyansford Utility is committed to continual improvement through the processes 
outlined in this plan to improve recycled water management systems where deficiencies are 
found. 

1.3 Description of the Scheme 

The proposed Fyansford Utility Pty Ltd Scheme would provide sewerage reticulation system, 
reticulated recycled water system for domestic reuse/irrigation purposes and wastewater 
treatment services for the Fyansford Green and Riverlee developments. The Fyansford Green 
development site is owned by the Moltoni Corporation Pty Ltd and is subject to Amendments 
C119 and C18, which provides for mainly residential landuse and pockets of business and 
mixed landuses. The Rivelee development site is owned by the Riverlee Corporation Pty Ltd 
and is subject to Amendment C18, which provides for residential landuse. The expected 
development yield of both development sites is around 1875-2145 dwellings and 4690-5360 
people over the next 10 -15 years. 

This RWQMP is for Stage-1 of the proposed Fyansford Green and Riverlee development sites 
for a proposed Wastewater Treatment Plant (WWTP) Facility to process of up to 600 kL/day of 
wastewater and treat it using Membrane Bioreactor (MBR) plant and Advanced Water 
Treatment (AWT) plant. These treatment plants will produce Class A recycled water for 
domestic reuse via a dual pipe reticulation system to be used for toilet flushing, washing 
machine, garden watering, irrigation of open space/road verges and for fire fighting. Recycled 
water discharges are expected to occur during the wetter months of low irrigation demand 
periods from the WWTP facility to the adjacent Moorabool River. These discharges will be 
treated by the AWT to a standard that will pose minor or negligible impacts on the 
environmental quality objectives and values of the Moorabool River. 

Outline of the proposed works 

In 2007, the Moltoni Corporation and Riverlee Corporation (after consultation and inspection of 
existing operating schemes) approached Solo Water to provide a sustainable solution to the 
provision of sewerage collection system, wastewater treatment plant, advanced treatment 
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facility to process treated effluent to Class A standard suitable for domestic reuse, fire fighting, 
irrigation purposes and a recycled water reticulation system for both developments. 

Given Solo Water’s prior successful delivery of similar services as a privately owned service 
provider at the Deep Creek Marina Resort in NSW and the Forest Resort/residential subdivision, 
at Creswick in Victoria, Solo Water has formed Fyansford Utility Pty Ltd to operate and maintain 
these services as part of the WA&L application. This will provide an integrated water cycle 
solution that will fully service the proposed developments with the following (Fyansford Utility 
scheme layout plan is presented in Appendix 2): 

 A computer controlled low pressure grinder pump sewerage system to efficiently collect 
and transport wastewater from the development residential and commercial buildings to 
the WWTP site. 

 WWTP that includes MBR plant to treat wastewater and AWT plant to further treat the 
MBR permeate to standards suitable to be used for Class A dual pipe reticulated recycled 
water and for discharge of excess recycled water during the wetter months to the 
Moorabool River without compromising the River’s environmental values. The WWTP and 
recycled water storages will be located at the rural zoned land of the Riverlee 
development site north of the Geelong Ring Road.  

 A desalination plant will be provided to treat local groundwater or groundwater from 
dewatering of the nearby Batesford quarry to ensure 100% security of the recycled water 
supply for domestic reuse and to supply water for irrigation of the golf course and playing 
fields at Queens Park, which is managed by Geelong City Council. This will be required 
especially in the early stages of the developments to meet the peak daily demand during 
the irrigation seasons. The brine wastewater stream from this process will be stored in PE 
lined evaporation ponds located at the WWTP site and have been sized to meet the early 
stages of t he developments. 

 The Class A dual pipe reticulated recycled water system will be used to provide for urban 
non-potable water uses such as toilet flushing, washing machine, garden watering and 
irrigation of public open space/road verges. The excess Class A recycled water will 
overflow to PE lined storages to be used for irrigation of the Queens Park golf course and 
playing fields. 

General description of the Scheme’s operation 

The Fyansford sustainable water management scheme has been designed to maximise the 
reuse of wastewater around the site to reduce the potable water demands within the 
development and reduce wastewater discharges to the receiving waterways. The scheme is 
designed to sustainably function under various operating conditions and to have 100% security 
in the supply of recycled water to meet its predicted non-potable water demands. The following 
is a brief description of the scheme’s operation under various demand conditions, while 
schematic flow charts for the various operating modes are presented in Appendix 4.  

Normal operation 

 Wastewater collected from the Fyansford Green and Riverlee developments is first 
treated through the MBR plant for biological treatment with membrane microfiltration 
using 0.4 micron cartridges submerged directly into the aeration tank. MBR permeate is 
then treated by UF (0.03 microns) to remove viruses and protozoa.  

 About 1/3 of the UF permeate is directed to RO1 to reduce salt in the recycled water to 
around 500 mg/L TDS. RO1 reject brine is directed towards a designated PE-lined saline 
evaporation pond.  

 The combined permeate (partially treated by RO1) is then treated by UV to inactivate 
bacteria, viruses and protozoa and then chlorinated via a chlorine contact tank designed 
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to meet the required log removals especially for viruses. The UF, UV and chlorine contact 
tank act as a multiple barrier for microbes and microorganisms and are selected/designed 
according to the DHS requirements to demonstrate meeting the required microbial 
removal criteria for Class A recycled water in dual pipe schemes. 

 Class A recycled water is then stored in 1.5 ML tank to supply the non-potable urban 
demands via a reticulated dual pipe system throughout the development site. A chlorine 
residual of .6 mg/L shall be maintained at all times in the recycled water tank. 

 During normal operation, the rate of recycled water supply is greater than the reticulated 
recycled water demands. Thus, excess Class A recycled water is stored onsite in the 
storage dams that supply recycled water to Queens Park irrigation storage via irrigation 
floating pontoon pumps located in the storages. These pumps are automated by level 
sensors in the storages and controlled by the overall WWTP DDC control system. 

Low demand operation 

Low demands are generally associated with extended periods of no irrigation demands such as 
during winter or during extended wet weather periods. 

 Production of Class A recycled water is similar to the normal operation conditions. 

 When all the recycled water storage dams are full, UF permeate is entirely treated by 
RO1 to remove nutrients and salt to acceptable levels for discharge to the Moorabool 
River. 

High demand operation 

High demands are generally associated with extended dry periods especially in summer when 
irrigation demand is at its peak. 

 Production of Class A recycled water is similar to the normal operation conditions. 

 When the daily demand exceeds the recycled water tank capacity, recycled water from 
the onsite storage dams would be used to supplement the primary Class A recycled 
water supply from the MBR effluent stream. The recycled water stored at the dams would 
be treated again through the pressurised UF membrane system and into the recycled 
water tank, where a chlorine level of 0.6 mg/L is maintained  

 When the recycled water storage dams are emptying, RO2 would be treating brackish 
groundwater or borewater to top-up the reticulated recycled water tank and the irrigation 
tank (that supplies the Queens Park irrigation storage dam) when needed. As the salinity 
of this treated groundwater source would be around (100-200) mg/L TDS, some of RO1 
brine (which has moderate salinity compared to RO2 brine) can be mixed with this water 
source without compromising the quality of recycled water, which will be used for 
irrigation of Queens Park only. This groundwater source would provide 100% security of 
supply for the scheme’s recycled water demand 

MBR treatment plant 

The MBR plant is a modified activated sludge process with a two-tier membrane bioreactor 
contained within a large aerobic chamber (MBR tank) designed by Solo Water. The MBR 
system is designed with five distinct zones contained within separate stainless steel tanks. 

The MBR separates treated effluent from the mixed liquor solids utilizing a hollow fibre 
microfiltration membrane with a 0.4 micron pore size. The submerged membranes are typically 
placed directly into the MBR tank. The membranes allow the purified water to pass through the 
pores, while creating a complete barrier to the passage of any solid greater than 0.4 microns, 
which includes almost all bacteria.  

Treated wastewater (or “Permeate”) is drawn through the membranes using a suction lift pump 
leaving the suspended biomass material in the MBR tank. Biomass (mixed liquor) is removed 
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using a sludge pump when required to maintain the optimum mixed liquor suspended solids 
(MLSS) levels in the MBR plant. The illustration below gives a basic flow sheet of a typical MBR 
system. 

 

Figure 2, MBR Process 

Excess sludge in the system is removed on a regular basis when the mixed liquor suspended 
solids concentration in the return activated sludge reaches about 13,000 mg/L (1.2% solids). 
Liquid sludge from the MBR will be periodically pumped from the system to a collection tanker 
and disposed of to an EPA licensed facility by an approved tank waste contractor. 

 

Figure 3, Existing MBR treatment works at Forest Resort (Creswick VIC) 

Advanced Water Treatment plant 

The objective of the AWT plant is to further treat the MBR permeate to produce recycled water 
of the following qualities: 

 Class A recycled water, which would be used in the dual pipe reticulation system for 
unrestricted non-potable water uses across the development site such as toilet flushing, 
washing machine, garden watering, fire fighting, road verges and public open space 
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irrigation. The quality of Class A recycled water should comply with the DHS microbial 
criteria for dual pipe water recycling schemes as follows: 

Bacteria <10 E. Coli/100 mL 

Viruses 7-log reduction from raw sewage to 
recycled water 

Protozoa 6-log reduction from raw sewage to 
recycled water 

For this purpose, the MBR permeate will be further treated by UF, UV and chlorination 
specifically designed to demonstrate compliance with DHS requirements using DHS 
endorsed treatment equipment and operational monitoring. Additionally, RO1 will be 
utilised to treat 30% of the UF permeate during normal operation conditions to reduce salt 
in the recycled water to around 500 mg/L TDS. The expected water quality of the 
recycled water during operation would be as shown below: 

BOD <5mg/L 

SS <5mg/L 

pH 6.5-8.5 

Turbidity <1 NTU 

TN <7mg/L 

TP <0.25mg/L 

TDS <500mg/L 

 Recycled water discharge to the Moorabool River during extended periods of no irrigation 
demands such as during winter or during extended wet weather periods and when all the 
recycled water storage dams are full. UF permeate will be entirely treated by RO1 to 
remove nutrients and salt to acceptable levels for discharge to the Moorabool River. The 
following water quality standard is expected for the recycled water discharges to 
Moorabool River following 100% treatment by RO1: 

BOD <5mg/L 

SS <5mg/L 

pH 6.5-8.3 

Turbidity <1 NTU 

TN <3mg/L 

TP <0.1mg/L 

TDS <100mg/L 

Ultrafiltration (UF) membrane unit 

The UF membrane unit will be installed in series after the MBR unit. Ultrafiltration is a pressure 
driven process in which the fine-pore membrane acts as a selective barrier to restrict the 
passage of pollutants in the feed water. The UF unit is manufactured by Norit X-Flow (model 
UFC M5, 0.8mm) with an absolute pore size of 0.03 µm. The primary function of the UF unit is 
to filter the MBR permeate to remove microorganisms and microbes such as viruses and 
protozoa. The UF membrane unit is sized to treat a maximum of 1.1 ML/day, which can cater for 
the average daily operational flow from the MBR plus treating previously treated Class A 
recycled water stored in the recycled water dams. 
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Figure 4, Existing UF membrane unit at Deep Creek Resort (Moama NSW) 

Reverse Osmosis unit (RO1) 

Reverse Osmosis is a process for the removal of dissolved ions from the permeate in which 
pressure is used to force the water through a semi-permeable membrane, which will pass the 
water but rejects most of the dissolved solids including salt and nitrates. RO1 treatment unit has 
a design capacity of 0.4 ML/day with about 85% recovery and will be installed within the WWTP 
building. RO1 unit is skid-mounted low energy brackish water RO membranes manufactured in 
Thin Film Polyamide by Filmtech 

RO1 is designed to treat about 1/3 of the UF permeate during normal operation to reduce 
salinity to around 500 TDS. However, since the recycled water quality standard for discharge to 
the Moorabool River is more stringent, especially from a nutrient perspective to ensure that 
recycled water discharges don’t compromise the River’s environmental values, RO1 will have to 
fully treat the UF permeate during such circumstances. 

Ultraviolet (UV) disinfection unit 

A UV disinfection unit manufactured by Orica (model AFP840) will be used to further treat the 
UF permeate (partially through RO1) to inactivate bacteria, viruses and protozoa. The efficiency 
of this unit in virus and protozoa log removal is assessed according to the DHS requirements 
and is discussed later in this report. 

Chlorination system 

Chlorination is undertaken within the WWTP and the recycled water reticulation system as 
follows: 

 Pre-chlorination of the MBR permeate before feed to UF membrane system. 

 Chlorination using a contact tank designed with baffles and appropriate retention time to 
achieve the required log-removal by the GEM Dual pipe Water Recycling Schemes- 
Health and Environmental Risk Management and endorsed by DHS. 

 Chlorination at the dual pipe recycled water tank to ensure continuous residual chlorine of 
0.6 mg/L at all times. 

Groundwater supply and desalination plant 

A Reverse Osmosis membrane desalination plant (RO2) is proposed to treat groundwater from 
either dewatering of the Batesford quarry or the local bore, to reduce salinity levels in 



 

 Page 8
 

groundwater to about 200 mg/L so that it can be used to top-up the dual pipe recycled water 
tank and the irrigation dam at Queens Park. 

Control system 

The MBR equipment is controlled by the Main Plant Control System provided by Sirex. 
Readings from instruments are electronically recorded and controls for many instruments can 
be electronically and remotely monitored and triggered using the Plant Control System. The 
Plant Control System can operate under Manual and Automatic control modes. The basic 
system logic and operating requirements are to be detailed in the Functional Description 
included in the WWTP Operation and Maintenance Manual, which is to be prepared and 
finalised during the commissioning phase.  

A computer controlled blower aerates the sewage and a permeate pump draws the product 
water through the membranes and discharges it into the permeate pipe for subsequent UF, RO, 
UV and chlorine dosing. The level in the anaerobic tank controls the speed of permeate pump to 
maintain the consistency of the treatment process. As the concentration of solids increases in 
the permeate line to a set point, the operator will pump the sludge-liquor back to the inlet tank or 
directly to a tanker for offsite disposal. The MBR tank can be decanted back to the aeration tank 
as required. 

After MBR effluent has undergone UF treatment a proportion of it is automatically diverted to the 
RO1 unit to be collected again with the remainder of the UF permeate in the UV feed tank. 

Wastewater Treatment Plant Building 

The equipments for the MBR and AWT plants will be enclosed in a building, with approximate 
dimensions of 60m by 15m located at the rural zoned land on the Riverlee development site 
north of the Geelong Ring Road. Additional space of 20m x 15m will also be provided for future 
upgrade of the plant to cater for the subsequent stages of the project. The dual pipe pumps and 
irrigation pumps will also be contained within the plant building. The layout of the WWTP 
building is shown in Appendix 3. Photos of an existing MBR installation already operating at 
Forest Resort in Creswick Victoria are shown below. 

 

 

Figure 5, existing treatment plant building  

Dual pipe reticulation and storage 

Recycled water storages will be utilised to improve the security of supply of the Class A dual 
pipe reticulation system. Class A treated recycled water will be first stored in a 1.5 ML tank that 
directly supplies the dual pipe reticulation system, which distributes recycled water for urban 
non-potable water demands such as toilet flushing, washing machine, garden irrigation, wash 
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down, fire fighting and irrigation of road verges and public open space. The recycled water 
piping system will use purple coloured PVC piping to distinguish it from the potable supply to the 
development in accordance with the plumbing code and AS3500. It will also be clearly labelled 
as non-potable water at the point of end use. 

Excess Class A recycled water is then stored in 25 ML storage dams on the site of the WWTP 
north of the Geelong Ring Road. These storages will supplement the dual pipe recycled water 
tank during times of peak demand by Class A treated recycled water after further treatment by 
UF and chlorination addition at the recycled water storage tank. These storage dams will also 
pumps recycled water to the irrigation storage dam in Queens Park. These storage dams will be 
PE lined to reduce water loss and seepage to the underground water aquifer. 

Recycled water irrigation only scheme 

Part of the Fyansford Utility scheme is to provide recycled water to Queens Park, which is 
owned and managed by GGCC. An in principle agreement has been reached to this effect 
between Fyansford Utility and GGCC. Initially, Fyansford Utility would supply the estimated 70 
ML/year irrigation demand from treated groundwater. This will be replaced by the following 
sources as the Fyansford Green and Riverlee sites are progressively developed: 

 Class A recycled water 

 During high irrigation demand periods and when the recycled water storage dams are 
emptying, a shandy of desalinated groundwater and RO1 brine would be used. The 
salinity of the shandy should not exceed 500 mg/L TDS. 

Fyansford Utility will only supply recycled water to the storage dam in Queens Park to be used 
for restricted irrigation purposes under a HEMP, specifically prepared for this purpose. GGCC 
will be responsible for operation of the irrigation system to the golf course and playing fields 
within Queens Park under the conditions of the HEMP.  

This irrigation storage dam will also be PE lined to reduce water loss and seepage to the 
underground water aquifer. 

Saline evaporation ponds 

A total of 1.6 ha active surface area PE lined evaporation ponds will be provided with a depth of 
2.5m to sustainably manage the brine wastewater streams from both RO1 and RO2. 

Discharge to waterways outlet 

During extended wet weather periods when all the recycled water storages are full, RO1 treated 
excess recycled water will be discharged from the WWTP to the adjacent stormwater collection 
system, currently managing stormwater runoff from the adjacent Geelong Ring Road and then 
to Moorabool River via stormwater drainage within the Riverlee site 
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2 Roles and Responsibilities 
The roles and responsibilities of the supplier, scheme manager and users are summarised in 
the sections below. 

2.1 Supplier and Scheme Manager 

As the supplier and scheme manager, Fyansford Utility will be responsible for: 

 Developing, implementing and reviewing the RWQMP 

 Obtaining DHS endorsement for Class A RWQMP 

 Supplying recycled water to quality standards set out in the RWQMP and HEMP to 
end users 

 Ensuring that the Environmental Improvement Plan (EIP) and Health and 
Environment Management Plan (HEMP) are EPA endorsed 

 Annual Review of HEMPs 

 Annual review of Customer Site Management Plans 

 Annual review of RWQMP and HACCP 

 Annual report to the EPA, including all monitoring results as required by the 
RWQMP, HACCP and HEMPs 

 Maintenance and update of operational management programs 

 Monitoring of water quality throughout the system 

 Provision of alternative supply when necessary 

 Maintain record of recycled water users 

 Provide EPA with annual list of recycled water users 

 Communication with customers during an incident 

 Notification of EPA of an incident or exception within 14 days 

 Notification of EPA of an emergency immediately 

 Assessment and review of customer compliance 

 Undertaking of internal audits and arrangement of statutory, third party, external 
audit, in compliance with AS/NZS 19011:2003 Guidelines for Quality and/or 
Environmental Management Systems Auditing 

 Action against users who do not comply with HEMP and site management plan. 

2.2 Users 

Users of recycled water from this scheme will be responsible for compliance with customer site 
management plan and HEMP. 
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3 Water Quality Objectives 
This section is intended to describe how water quality objectives are met in relation to human 
health protection. Requirements and guidelines for level of treatment and water quality 
objectives for human health are taken from the following references: 

 Guidelines for Environmental Management – Dual Pipe Water Recycling 

 Australian Guidelines for Water Recycling 

3.1 Microbial 

The risks posed by pathogens via exposure through the expected uses of recycled water in dual 
pipe schemes have been analysed and assessed using a Quantitative Microbial Risk 
Assessment by the EPA to determine the microbial criteria that will ensure adequate public 
health safety. Details of this Quantitative Microbial Risk Assessment are presented in the EPA’s 
document Health Risk management in urban Recycling Schemes: Technical Background 
Paper. This microbial criteria, which are expressed as water quality targets in GEM Dual pipe 
Water Recycling Schemes- Health and Environmental Risk Management (2005), are presented 
in Table 1 below. 

Table 1: Class A recycled water quality targets as outlined in GEM Dual Pipe Water Recycling Schemes - 
Health and Environmental Risk Manaagement (2005) 

Pathogen Group QMRA Criterion 

Bacteria1 <10 E.Coli/100ml 

Viruses2 7-log reduction3 from raw sewage to recycled water 

Protozoa2 6-log reduction4 from raw sewage to recycled water 

Notes: 
1 Median – to be demonstrated during treatment plan validation 
2 As a default, the most resistant (or worst case virus) virus or protozoan should be used at each treatment 

step for calculating log reductions.  
3 Median removal, with a lower (critical) limit of 6-log reduction 
4 Median, with a lower (critical) limit of 5-log reduction 

Microbial criteria are expressed as water quality targets for bacteria where target concentrations 
are measureable, and as treatment performance targets for viruses and protozoa. This is 
because direct measurement of target concentrations is impractical due to limitations in 
analytical techniques. Water quality criteria have not derived for helminths (parasitic worms) as 
helminth infections are not considered endemic in most parts of Australia and it is considered 
that treatment processes providing a significant proportion of protozoan removal by 
sedimentation and/or filtration would effectively remove helminth eggs. These microbial criteria 
are applied at the end of the treatment process prior to recycled water entering the distribution 
system or being introduced into storage. 

Acceptable uses of Class A recycled water of the quality specified in Table 1 above according to 
GEM Dual pipe Water Recycling Schemes- Health and Environmental Risk Management 
(2005), which are also adopted for the Fyansford dual pipe recycled water scheme include: 

 Irrigation of public open spaces such as parks and sport fields, where public 
access is unrestricted and any irrigation method is used. 

 Domestic garden watering including vegetable gardens. 

 Toilet flushing and washing machine use. 
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 General outdoor uses such as car washing, dust suppression, construction and 
wash down 

 Filling water features and ponds that are not used for swimming. 

 Use in cooling towers. 

 Fire fighting and fire protection systems including hydrants and sprinkler systems. 

The expected treatment plant performance of the proposed water treatment process is outlined 
in Table 2 below. This is expressed in log reduction values (LRV) attributed to specific treatment 
process units (TPU). More information will be provided in Chapter 5 of this report to validate this 
expected treatment plant performance. 

Table 2: expected treatment plant performance the Fyansford water utility scheme 

Pathogen Class A 

Target Log 

Reduction 

Fyansford Proposed Water Treatment Process 

MBR UV UF RO Cl Total 

Adenovirus/MS2 7 - log - negligible 3.5  4 7.5 

Cryptosporidium: 6 - log - 2.5 4  0.2 6.7 

3.2 Chemical 

Given that recycled water for the Fyansford development will originate from domestic sources, 
the health risk posed by chemical contaminants is typically less that that posed by pathogens. 
Metals and organic compounds tend to settle into the sludge stream and are then subject to 
management through the treatment process. For this reason, no guidance is provided for 
chemical contaminants in the GEM: Use of Reclaimed Water (2003). Therefore, the presence of 
chemicals in recycled water at levels that could potentially pose a health risk is not anticipated 
for this scheme. According to the EPA guidelines, chemicals entering the sewerage system are 
managed through trade waste control, substantially diluted with other wastewater, and generally 
removed or degraded by treatment processes. Due to this, the EPA has not established specific 
water quality objectives for chemicals. 
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4 System Assessment 
This section will provide an overview of the recycled water system and identify potential sources 
of risk that will require control. It is intended that monitoring and management for achieving and 
maintaining the required microbial criteria will occur through the application of a Hazard 
Analysis and Critical Control Point (HACCP) framework. The aim of the system assessment is 
to provide a detailed understanding of: 

 The entire recycled water supply system, from source to end use or receiving 
environment 

 The hazards, sources and events (including treatment failure) that can compromise 
recycled water quality 

 The preventative measures needed to effectively control hazards and prevent 
adverse impacts on humans and the environment. 

4.1 Intended uses and source of recycled water 

The recycled water for this system is intended to be primarily sourced from domestic sewage 
from the Fyansford Green and Riverlee developments. The intended end uses of recycled water 
for this system are: 

 Irrigation of Queens Park 

 Domestic garden watering including vegetable gardens. 

 Toilet flushing and washing machine use. 

 General outdoor uses such as car washing, dust suppression, construction and 
wash down 

 Filling water features and ponds that are not used for swimming. 

 Use in cooling towers. 

 Fire fighting and fire protection systems including hydrants and sprinkler systems. 

4.2 Recycled water system analysis 

Below is a generalised flow diagram describing the intended recycled water system from source 
to end use (or receiving environment). This diagram helps to outline all the steps and processes 
involved within the system and determine whether they are under the control of Fyansford 
Utility. It can also highlight any explicit characteristics or risks associated with the system.  
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4.3 Hazard Identification and Determination of Critical 
Control Points 

A number of hazards have been identified for recycled water collection, treatment, storage and 
end use. A hazard control table (Appendix 5) has been developed to identify actions and 
controls which will aid in mitigating risk and reduce the likelihood of their occurrence during 
production, supply and use of recycled water.  This table documents the following information 
as part of the hazard analysis procedure: 

 Identification of hazards and associated hazardous events at each step in the 
water treatment and use process.  

 Identification of the likelihood and consequence of each of these hazards 

Wastewater source 

Sewage treated 
within the treatment 

plan 

Treatment System 

 MBR UF RO UV CL 

Waste streams (backwash) 

Storages 

Recycled Water 
Tank 

Borewater and groundwater 

Irrigation storage 
dam 

Recycled Water 
Dam 

Distribution Systems 

Unintended Uses Intended Uses 

In house use 

Garden 

Fire fighting 

Unintentional 
discharge 

Cross 
connections 

Road verges 

Public open 
space 

Human Health 

Control 

Environmental 

Control 
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 Determination of the risk and significance of each hazardous event (i.e. likelihood 
multiplied by consequence) 

 Identification of control measures for each hazardous event. This can include 
system input management, physical barriers, monitoring standard operating 
procedures and education.  

 Personal responsible for carrying out control measures. 

Major hazards identified through this procedure include: 

 Chemical contaminants in domestic sewage 

 Increased BOD and ammonia due to mechanical failure of blowers 

 Spill of toxic chemicals on site 

 High levels of human pathogens in recycled water 

 High levels of organic chemicals in recycled water 

 Chemical contaminants in the membrane filtration scheme 

 Vector borne diseases in recycled water storage 

 Algal blooms in recycled water storage 

 High levels of nutrients in recycled water 

 High levels of residual chlorine in recycled water 

These hazards can occur at many processes throughout the water reuse system including: 

 The collection of sewerage and production of recycled water 

 The storage of recycled water 

 The domestic use of recycled water from a dual reticulation system 

 Irrigation with recycled water  

The risk analysis matrix framework from the Australian Drinking Water Guidelines (NHMRC 
2004) was used in assessing the risk of each hazard. Once the risk is assessed for the 
identified hazards, preventative measured will be developed to mitigate these risks to an 
acceptable level. Examples of preventative measures include: 

 Protection of water source by protecting stormwater from animal and human waste, 
and controlling the type of water discharged into greywater systems. 

 Water treatment to reduce hazards 

 Water storage methods to reduce hazards 

 Protection and maintenance of distribution systems and storages, including 

 Buffer zones 

 Light minimisation to restrict algal growth 

 Maintaining drainage and sites 

 Backflow prevention and cross connection control 

 Restrictions on distribution systems and application site, such examples include: 

 Adoption of recycled water plumbing codes of practice 

 Control of access, application methods, rates and times etc 

 Development of management plans 

 Signage and education. 

Critical Control Points (CCPs) are defined as a point, step or procedure at which control can be 
applied and is essential to prevent or eliminate a hazard or reduce it to an acceptable level. 
Identification of CCP’s is particularly important for assuring water quality. Potential CCPs for the 
Fyansford plant have been preliminarily developed based on initial knowledge of potential 
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hazards and associated risks, and preventative measures identified through the HACCP 
process. These are outlined in Table 3 below along with their associated criteria: 

Table 3: Potential CCPs at the Fyansford water utility scheme 

Process Step Hazard Do preventative 
measures exist 
to reduce the 
hazard/risk to 
an acceptable 
level? 

Is the preventative 
measure specifically 
designed to 
substantially reduce 
the risk presented 
by the hazard? 

Can operation 
of the 
preventative 
measure be 
monitored and 
corrective 
actions are 
applied in a 
timely fashion? 

Would failure 
of the 
preventative 
measure lead 
to immediate 
corrective 
action or 
possible 
cessation of 
supply? 

Is this a CCP? 

Interface at inlet Microbiological 
pathogens 

Yes No No No No 

Interface at inlet Chemical 
contaminants 

Yes Yes Yes Yes Yes 

Primary 
sedimentation 

Suspended 
soils, BOD, 
E.coli and other 
biological 
pathogens. 

Yes Yes Yes Yes Yes 

Aeration tanks BOD, ammonia Yes Yes Yes Yes Yes 

Membrane 
bioreactor 

BOD, biological 
pathogens 

Yes Yes Yes Yes Yes 

Chlorination BOD, biological 
pathogens, 
chlorine residual 

Yes Yes Yes Yes Yes 

UV disinfection BOD, biological 
pathogens. 

Yes Yes Yes Yes Yes 

Ultra filtration BOD, biological 
pathogens. 

Yes Yes Yes Yes Yes 

Reverse Osmosis BOD, biological 
pathogens. 

Yes Yes Yes Yes Yes 

Recycled water 
reticulation 
(Domestic) 

BOD, biological 
pathogens, 
chlorine residual 

Yes Yes Yes Yes Yes 

Recycled water 
reticulation 
(Public open 
space irrigation) 

BOD, biological 
pathogens 

Yes No No No No 

Storage lagoons Algal bloom, 
contamination 
from animals. 

Yes Yes Yes Yes Yes 

Retention tanks Algal bloom, 
contamination 
from animals. 

Yes No No No No 

Following identification, the requirements for each of the CCP’s are as follows: 

 Operational parameters that can be measured, and for which critical limits can be 
set to define effectiveness 

 Operational parameters that can be monitored sufficiently frequently to reveal any 
failures in a timely manner 
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 Procedures for corrective action that implement in response to deviation from 
critical limits. 

4.4 Critical limits and alert criteria 

Critical limits have been defined and validated as part of the preventative measures outlined for 
each CCP identified. A critical limit represents a quantitative or qualitative tolerance level which 
distinguishes acceptable from unacceptable performance for each CCP. Exceedance of critical 
limits during a process at each CCP represents loss of control of a process and indicates that 
there may be an unacceptable health or environmental risk. Corrective actions have been 
developed in the event of a deviation from critical limits at any CCP. Alert criteria have been 
established to provide early warning that a critical limit is being approached. The alert criteria 
are more stringent that critical limits and serve to institute corrective actions before an 
unacceptable health or environmental risk occurs. Preliminary critical limits and alert criteria 
developed for the Fyansford utility are outlined in Table 4 below. 

Table 4: Potential critical limits and alert criteria for the CCPs 

Potential Critical 
Control Point 

Hazard(s) Potential Critical Limit Potential Alert Limit 

Interface at inlet Chemical contaminants   

Primary sedimentation Suspended soils, BOD, 
E.coli and other biological 
pathogens  

Filtered water turbidity ≤ 2 
NTU 95% of the time. 
Maximum turbidity of 5 NTU 

 

Aeration tanks BOD, ammonia   

Membrane bioreactor BOD, biological pathogens   

Chlorination BOD, biological pathogens, 
chlorine residual 

  

UV disinfection BOD, biological pathogens. UVT 80% 

Peak flow rate 8 L/s 

Max pressure 450 kPa 

 

Ultra filtration BOD, biological pathogens. Flux 76 l/m2/hr 

Transmembrane pressure 
(TMP) 0.9 bar 

UCL for monitored air flow 
during DIT 236 l/hr 

Turbidity UCL 0.15 NTU 

Particle counting and particle 
monitoring, 95% confidence 
interval of the previous 
month’s data 

Alarm CL for 
monitored air flow 
during DIT 97 l/hr 

Turbidity alarm CL 0.1 
NTU 

 

Reverse Osmosis BOD, biological pathogens.   

Recycled water 
reticulation (Domestic) 

BOD, biological pathogens, 
chlorine residual 

Zero cross connections and 
backflow prevention provided 
at property boundaries 

 

Storage lagoons Algal bloom, contamination 
from animals. 
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5 Validation of Treatment Process 
Validation is a critical component of the treatment process management to ensure that the 
targeted water quality objectives are achieved. DHS validation and endorsement is required to 
ensure that the targeted water quality objectives outlined by the EPA are achieved for Class A 
recycled water for dual pipe use. DHS requires that individual processes within the treatment 
train are validated through the following methods: 

 Considering data which already exists 

 Specific on-site testing of full-scale or pilot systems 

 On-site tracer studies 

For the purposes of this draft RWQMP, existing data was considered to meet validation 
requirements and receive DHS endorsement. Specific on-site testing of the facility will be 
undertaken upon completion of construction to verify the validation requirements outlined at this 
stage. It is essential to demonstrate sufficient log removal achievements from each individual 
process within the treatment train. Demonstration of log removal from each process is explained 
in detail below. 

5.1 Membrane bio-reactor (MBR) process 

The MBR plant is an improved activated sludge process by introducing a hollow fibre membrane 
filter into the final stage of the aeration treatment, which separates treated effluent from the 
mixed liquor suspended solids producing high quality permeate. Microfiltration (MF) membrane 
manufactured by Mitsubishi Rayon will be used, which is sterapore hollow fibre 0.4 micron 
polyethylene membrane. Each membrane module, or cassettes, consists of 70 horizontal 
curtains of fibres. The cassettes are placed directly into the aeration basin and a vacuum pump 
is used to pull clean water through the membrane while leaving the biomass in the MBR tank 
basins. 

While previous research indicated that MBR process removes pathogens including bacteria, 
protozoa and sometimes viruses. However, According to DHS requirements, the capability of a 
secondary treatment process to reduce pathogens needs to be characterised over an extended 
period of time to consider seasonal variation, catchment inputs and process upset. Such testing 
typically occurs over a 12 month period. As such, the MBR process will not be considered as 
part of the validated treatment train to demonstrate meeting the microbial water quality criteria 
as set by the Dual Pipe Water Recycling Schemes- Health and Environmental Risk 
Management (2005). 

5.2 Ultra-filtration membrane (UF) 

DHS requires that validation reports for membrane filtration systems in support of log reduction 
claims be according to the guidance provided in the USEPA Membrane Filtration Guidance 
Manual (2005). The X-Flow UF membrane (Model UFC M5, 0.8mm) manufactured by Norit is 
selected to be used for the Fyansford Utility AWT plant. This UF membrane model has been 
tested according to the USEPA Membrane Filtration Guidance Manual (2005) by Kiwa N.V. The 
full testing report is provided in Appendix 6, while summary of the testing results are outlined 
below. 

5.2.1 Challenge testing 

Test system 
The membrane elements that were tested were of the type S-225-FSFC PVC containing UFC 
M5 0.8mm membranes. Three membranes were installed in a pressure vessel. The vessel was 
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fed by a feed pump with drinking water at a flow of 5.5, 10.5 or 14 m3/h. The micro-organisms 
were dosed into the feed water to obtain a feed concentration of approx. 106-7/l. A combination 
of intact and broken fibre membrane elements were tested. After the experiments the 
membrane elements were re-tested in a bubble test to verify the number of broken fibres after 
the experiment was identical to the number of broken fibres prior to the experiment. 

Virus 

 Challenge experiments with MS2 bacteriophages have been used as indicator for the 
removal of human pathogenic viruses, such as Hepatitis A and Norwalk-like caliciviruses. 

 The results of the challenge test with intact membrane elements shown that the log 
removal achieved by the membrane is in the range of 4.0 - 5.6 logs showing a trend of 
decreasing removal with time. 

 The results of the challenge test with broken fibre membrane elements shown that the log 
removal achieved by the 0.5 broken fibre per module is in the range of 3.9-5.0 logs, by 
the 1 broken fibre per module is in the range of 4.0-4.9 logs and by the 2 broken fibres 
per module is in the range of 3.9-5.1 logs. 

Giardia and cryptosporidium 

 Challenge experiments with Bacillus subtilis (approx 1 µm) spores are regarded as an 
indicator for the removal of persistent organisms, such as Cryptosporidium. 

 The results of the challenge test with intact membrane elements shown that the log 
removal achieved by the membrane is greater than 6.9 logs. 

 The results of the challenge test with broken fibre membrane elements shown that the log 
removal achieved by the 0.5 broken fibre per module is in the range of 3.7-4.0 logs, by 
the 1 broken fibre per module is in the range of 3.8-4.4 logs and by the 2 broken fibres 
per module is in the range of 4.6-5.9 logs. 

5.2.2 Direct Integrity testing 

Virus 

A key factor limiting the virus removal credit awarded to membrane systems is the lack of a 
direct integrity test able to quantify virus removal through small integrity failures.  The pressure 
required to demonstrate a membrane breach that is the size of a virus particle is significantly 
higher than what any current, commercially available membrane can withstand without 
rupturing. To overcome this issue, DHS recommended that virus challenge test be undertaken 
using broken fibre to simulate worst-case scenario of having virus sized breaches of the 
membrane fibre that cannot be detected using direct or indirect integrity testing. The virus log 
removal determined from the earlier challenge test for broken fibre membrane elements will be 
adopted in this regard, which shows that the lowest virus log removal value was 3.9. 

Giardia and cryptosporidium 

 Log removal value (LRV) for X-Flow UF membrane system was established using a 
number of laboratory tests and data from full scale plants using the Diffusive Airflow Test 
as described in the Technical Bulletin LT2ESWTR-LRV Calculations through direct 
integrity testing prepared by Norit (2006), which is based on the USEPA Membrane 
Filtration Guidance Manual (2005) and is provided in Appendix 6 of this report.  

 NORIT has tested single fibres at different lengths. Each time five fibres have been tested 
simultaneously in order to increase the accuracy of the laboratory testing. The testing is 
aimed to determine the Air to Liquid Conversion Factor (ALCR) as described in the 
USEPA Membrane Filtration Guidance Manual (2005).The results indicated that air test 
pressure to be applied can vary between 0.845 bar to 2.5 bar. Norit recommends 
performing airflow testing at 1.0 bar. The ALCR has been calculated for 1 bar test air 
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pressure and a fibre cut at the potting. The results are expressed in the following 
regression equation: 

ALCR = 38.914 x TMP-0.7224   
Where TMP is the trans membrane pressure during filtration. 

 LRV can be calculated according to the following equation (equation 11 of the Norit 
Technical Bulletin LT2ESWTR-LRV Calculations through direct integrity testing 2006): 

       Qp x 38.914 x TMP-0.7224 
LRV = log ─────────────────  
         Qair-monitored - Qair-diffusive 

 Where: 
 LVR  log removal value for the Direct Integrity Test 
 Qp  permeate flow during filtration (m3/hr) 
 TMP  transmembrane pressure during filtration (bar) 
 Qair-monitored Displaced water flow during airflow testing (m3/hr) 

Qair-diffusive Diffusive air flow at 1 bar test pressure (m3/hr) 
 

Control limits 

The Membrane Filtration Guidance Manual (2005) requires that control limits must be 
established for a direct integrity test, representing a threshold response which, if exceeded, 
indicates a potential integrity problem and triggers subsequent corrective action. The following 
equations were provided by the Norit Technical Bulletin LT2ESWTR-LRV Calculations through 
direct integrity testing 2006:  

 The Upper Control Limit can be calculated according to the following equation: 

         Qp x 38.914 x TMP-0.7224 
UCLmonitored = ───────────────── + Qair-diffusive (Equation 14: upper control limit) 
     104 

 The alarm level control limit can be calculated according to the following equation 
assuming achieving 4.5-log cryptosporidium removal as a threshold for the alarm, so 
corrective action can be taken without plant shutdown: 

         Qp x 38.914 x TMP-0.7224 
CLmonitored = ───────────────── + Qair-diffusive (Equation 16: alert control limit) 
    104.5 

 Where: 
 UCLmonitored monitored upper control limit ( 
 Qp  permeate flow during filtration (m3/hr) 
 TMP  transmembrane pressure during filtration (bar) 

Qair-diffusive Diffusive air flow at 1 bar test pressure (m3/hr) 
 

LRV & Control limits for the proposed system 

 The following design information is used for the Fyansford UF membrane system (more 
detailed information is presented in Appendix 6): 

 One unit with four housings. Each housing would have 4 membrane elements (i.e 
total number of membrane elements is 16).  

 Gross filtration flux is 76 l/m2/hr and the total membrane area is 640 m2. this makes 
the permeate flow during filtration (Qp) = 48.6 m3/hr 

 The transmembrane pressure during filtration (TMP) for the Norit X-Flow UF 
membrane system is (0.3-0.9). TMP of 0.9 will be used to calculate the Upper 
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Control Limit (UCL), alarm Control Limit (CL) and the Log Removal Value (LRV) as 
this would produce more conservative values. 

 The diffusive air flow through an intact fibre depends on the actual set up of the 
membrane units and the airflow testing equipment, which is therefore site specific. 
Norit have access to several full scale plants that utilize airflow testing as integrity 
test. The typical diffusive airflow for intact membranes is in the order of 1 – 2.5 liter 
per element per hour, when tested at 1 bar. For the sake of this validation report, a 
value of 2 liters per hour per element will be used as a base line diffusive air flow 
level for intact membrane elements (Qair-diffusive). This value will be verified after 
installation of the membranes and the initial reading will be taken of the diffusive 
airflow on each skid. This initial diffusive airflow will be applied to the LRV 
calculations of each UF skid. 

 The UCL is calculated as follows: 

         Qp x 38.914 x TMP-0.7224 
UCLmonitored = ───────────────── + Qair-diffusive   
     104 

         48.6 x 38.914 x 0.9-0.7224 
UCLmonitored = ───────────────── + (2x16/1000)   
     104 

UCLmonitored = 0.236 m3/hr or 236 l/hr 

 The LVR for this UCL is calculated as follows: 

       Qp x 38.914 x TMP-0.7224 
LRV = log ─────────────────  
         Qair-monitored - Qair-diffusive 

       48.6 x 38.914 x 0.9-0.7224 
LRV = log ─────────────────  
         0.236 – 0.032 

LVR = 4.00 log removal for Cryptosporidium 

 The alarm CL is calculated as follows: 

         Qp x 38.914 x TMP-0.7224 
CLmonitored = ───────────────── + Qair-diffusive   
    104.5 

        48.6 x 38.914 x 0.9-0.7224 
CLmonitored = ───────────────── + 0.032 
          104.5  

CLmonitored = 0.097 m3/hr or 97 l/hr 

5.2.3 Continuous indirect integrity monitoring 

As indicated in the USEPA Membrane Filtration Guidance Manual (2005) and DHS advice, 
direct integrity tests are extremely sensitive and can be used to verify the accredit log removal 
values, however, they are undertaken only once a day (because they require system shutdown) 
and thus, do not verify the membrane system’s integrity for all the duration of the system’s 
operation. Continuous monitoring using indirect methods does provide real-time indication of 
membrane integrity, albeit with generally less sensitivity. Consequently, the advantages of the 
direct and indirect integrity monitoring approaches are complementary, and both are required 
part of a comprehensive integrity verification program. 

According to the USEPA Membrane Filtration Guidance Manual (2005), the criteria for indirect 
integrity monitoring include: 
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 Filtrate of each membrane unit must be monitored independently.  

 Indirect integrity monitoring on the filtrate of each membrane unit must be continuous (i.e., 
at a frequency no less than once every 15 minutes) 

 Two consecutive excursions above a pre-established, performance-based upper control 
limit must trigger direct integrity testing 

 all excursions above the control limit that trigger direct integrity testing must be reported to 
the State on a periodic basis 

The following continuous indirect integrity monitoring are the most common methods that can 
be utilised: 

 Turbidity monitoring. Turbidimeters are in widespread use throughout the water industry, 
and the turbidity data generated by these instruments is broadly recognized as a 
meaningful gauge of water quality. As such, turbidity measurements have been used as 
an indicator of finished water quality for previous recycled and surface water regulatory 
requirements. However, turbidity monitoring is less sensitive to smaller integrity breaches 
than particle counters or particle monitors. 

 Particle counting and particle monitoring. The ability of particle counters to yield 
resolution information may help to optimize the usefulness of this technique for detecting 
potential integrity breaches. Any significant increase in the number of particles exceeding 
3 mm in size may indicate that a breach allowing the passage of Cryptosporidium sized 
particles may have occurred. While particle counting and particle monitoring is more 
sensitive to smaller integrity breaches than conventional turbidimeters, they have 
disadvantages such as imprecision, susceptible to errors and being more expensive. 

 Fyansford Utility has requested both methods of monitoring are to be included in the 
installation. 

 Control limits 

For indirect integrity monitoring methods the UCL is simply designed to serve as a general 
indication that a system integrity breach may have occurred. The USEPA Membrane Filtration 
Guidance Manual (2005) suggests the following UCL for Continuous indirect integrity 
monitoring: 

Turbidity 

 Continuous filtrate turbidity monitoring on each membrane unit is required with an upper 
control limit of 0.15 NTU. Because most membrane filtration systems consistently 
produce filtrate well below 0.15 NTU, a sustained high turbidity event with filtrate readings 
above 0.15 NTU may suggest a potentially serious integrity problem. Consequently, the 
LT2ESWTR requires that two consecutive filtrate turbidity readings above 0.15 NTU on 
any membrane unit trigger immediate direct integrity testing on that unit. If the unit in 
question passes the triggered direct integrity test, the unit may continue in production. 
However, if the unit fails the direct integrity test, further diagnostic testing and repair of 
any integrity breach(es) would be required. The unit may only be returned to service upon 
passing a direct integrity test. 

 Alarm control unit can be set at 0.10 NTU in which a filtrate turbidity reading exceeding 
0.10 NTU triggers increased monitoring frequency. 

Particle counting and particle monitoring,  

Absolute upper control levels may be used without a lower, relative CL (e.g., the 95-percent 
confidence interval of the previous month’s data) provided the absolute CLs are sufficiently 
conservative and established using an approved scientific methodology. However, since particle 
count and particle monitoring data can vary significantly between two different instruments, site-
specific CLs must be established when particle counting or particle monitoring is used as an 
alternative method of continuous indirect integrity. 
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5.2.4 Conclusions  

Removal credits 

Based on the above testing information, we are proposing the following pathogen removal credit 
to the Norit X-Flow UF membrane: 

Target organism Removal credit 

Giardia lamblia 4-log 

Cryptosporidium 4-log 

Virus 3.9 log 

Control limits & operational data 

Table 5, X-Flow UF membrane Operating & Quality Control Parameters 

Operating parameter Maximum value 

Flux 76 l/m2/hr 

Transmembrane pressure (TMP) 0.9 bar 

UCL for monitored air flow during DIT1 236 l/hr 

Alarm CL for monitored air flow during DIT1 97 l/hr 

Turbidity UCL 0.15 NTU   

Turbidity alarm CL 0.1 NTU 

Particle counting and particle monitoring2 95% confidence interval of the 

previous month’s data 

Notes: 

1) This is determined based on 2 l/hr per membrane as a base line diffusive air flow level as recommended by Norit. 

This will be verified by site testing following installation. 

2) Particle counting and particle monitoring maybe required depending on available studies of the sensitivity of 

turbidity to detect small integrity breaches in the X-Flow UF membrane.    
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5.3 UV disinfection 

The DHS requires that the approach used to validate UV treatment equipment is consistent with 
those outlined in the USEPA Ultraviolet Disinfection Guidance Manual for the final Long term 2 
enhanced surface water treatment rule 2006 (UVDGM 2006).   

We are proposing to use the Orica UV disinfection for the proposed Fyansford Utility WWTP. 
This is a non-contact system where the UF treated permeate would flow through Advanced 
Fluoropolymer tubes (AFP840) and the UV lamps and sensors are external to the permeate 
flow. This arrangement offers significant operating advantages in terms of faster lamp 
replacements and minimal cleaning requirements. 

This system has been independently tested and validated according to the UVDGM by Water 
Futures Pty Ltd. Highlights of their validation report, which is provided in Appendix 7 are 
presented below. 

5.3.1 Key elements of the validation report 

Overview of the validation approach 

The validation approach mainly involved three steps according to the UVDGM 2006: 
 Part A: Establishing the UV sensitivity of a challenge microorganism (MS2 was used) in a 

collimated beam testing (CBT) apparatus. Part B: At the same time, dosing UV reactors 
with the challenge microorganism and measuring the influent and effluent concentrations. 

 Calculating the UV dose applied to the challenge microorganism in the UV reactors using 
the UV dose sensitivity of the challenge microorganism and the degree of inactivation 
measured in the UV reactors. This gives the reduction equivalent dose (RED) for the 
challenge microorganism. 

 Adjust for uncertainties to convert the RED into pathogen inactivation estimates. 

Experimental design 

 The reactor control strategy was Calculated Dose allowing both UV intensity and flow rate 
to vary. Lamp power was fixed and was not a variable with the reactor design. The 
purpose of the validation was to relate a calculated dose that would be predicted as the 
output of an algorithm that took UV intensity, UV transmissivity and flow rate as inputs. 
The reactor was set up as two stages in series. The first and second stages each 
contained independent lamp banks. There were three sampling points: the effluent 
samples from the first stage of lamp banks represented the influent samples for the 
second stage. 

 The dynamic range of conditions tested, within which the calculated dose algorithm is 
validated, is given in Table 6. Note that there is some conservatism in relation to lamp 
age and the blackening of the internal walls of the reactor. 

Collimated beam testing 

 Collimated beam testing was undertaken on each water type on each day of 
experimentation in accordance with UVDGM protocols. Collimated beam tests were 
undertaken on each day of testing at 0, 20, 40, 60, 80 and 100 mJ/cm2. Over the three 
days of testing, three UVT values were tested: 90, 80 and 60% for potable water and 60, 
50 and 40% for wastewater. 

 Regression analysis with removal of terms that were not significant was used to derive 
the dose-response relationships using regression for both potable water and wastewater 
at the three different UVT levels tested. The position of the mean UV dose-response 
curve for the MS2 phage stock solution used lay within the expected range recommended 
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by the UVDGM (the 95- percent prediction interval), as shown in Figure 6. The full results 
of this analysis are presented in the UV testing report in Appendix 7. 

 The predicted dose-response relationships were compared with the observed data and 
the uncertainty for the dose-response relationships (UDR) were calculated according to 
the UVDGM. Since all UDR values were > 30%, UDR was included in the uncertainty in 
validation (UVAL) term. Individual UDR values could be used for defining specific reactor 
log credits for tight operating ranges. 

 

Figure 6, UV dose-response of MS2 from the collimated beam testing work 

 

Table 6, Validated dynamic range of parameters tested 

Item Conditions tested Range validated 

Water types Conventionally treated drinking water 

Conventionally treated wastewater 

Water 

Wastewater 

UVT for water 61.2, 80.9 and 91.3% 61.2 to 91.3 

The water UVT range would apply to high 

UVT tertiary filtered wastewater 

UVT for wastewater 40.3, 49.8 and 62.5% 40.3 to 62.5% 

Flow tube diameters 60 mm 

89 mm 

60 mm 

89 mm 

Flow rate per tube 

for 60 mm 

1.1, 2.3 and 4.2 l/s 1.1 to 4.2 l/s 

Flow rate per tube 

for 89 mm 

2.4, 4.4 and 8.1 l/s 2.2 to 8.1 l/s 

Lamp failure All lamps on All lamps on 

Conservative lamp 

safety factor 

Aged lamps all over 8,000 hours Average lamp age of up to 8,000 hours 

Conservative wall 

safety factor 

Blackened inside walls Stainless steel clean, unclean or 

blackened inside walls 
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Biodosimetry 

 Biodosimetry was undertaken, which measures laboratory surrogate endpoint and 
correlates it with the radiation dose. The data results of the Biodosimetry observations 
were analysed according to the UVDGM methodology. Two types of equations were 
derived from the data and combined with the dose-response equations. These two types 
of equations were: 

i. Control equations that use UVI (UV intensity), UVT (UV transmissivity) and flow rate 
as independent variables to predict calculated (RED) reduction equivalent dose; and 

ii. Design equations that use UVT and flow rate as independent variables to predict 
calculated (RED) reduction equivalent dose. 

 The Validation Factor (VF) was determined using a range of input data as described in 
the UVDGM. The following sets out how each component was derived: 

i. The RED Bias (BRED) is set at 1.0, suitable for defining the RED applicable to viruses 
(UVDGM Appendix G) for all UVTs and all log reduction values. For Cryptosporidium, 
BRED is determined based on Appendix G of the UVDGM on a case-by-case basis for 
the minimum UVT and log reduction designed 

ii. The uncertainty of validation (UVAL) is derived from the uncertainty in inactivation 
(UIN), the uncertainty in the dose-response relationship (UDR) and uncertainty in the 
UV sensor readings (US). 

iii. Inactivation uncertainty (UIN) needs to be derived each time. The key data are the 
standard deviation and the value of n from which the standard deviation was derived 
in comparing the calculated with the measured dose for each determination. These 
data are shown in the body of the testing report for design and control purposes. 

iv. Dose-response uncertainty (UDR) was derived and the highest values observed, 
being 100.37% and 100.88% were used in calculating UVAL for potable water and 
wastewater, respectively. In reactor design and operation, alternative values may be 
used where these fit better to the specific range. 

v. UV sensor uncertainty (US) was derived from the biodosimetry results except the UV 
intensity (UVI) values from the UV sensors which were derived from a static run of the 
same test rigs shortly after the biodosimetry. The UVI values were obtained by running 
water through the test rig at the UVT levels representing those used during the 
biodosimetry for both water and wastewater. Each duty UV sensor was removed and 
replaced with three reference sensors to allow for the determination of the UV sensor 
uncertainty as described in the UVDGM. 

 The data presented in this validation report can be used to support the design, and the 
assignment of log credits, to specific reactors. A simple calculation worksheet has been 
set up to enable the calculation of RED values for design and control purposes as well as 
the inactivation log credits for regulatory purposes. The calculation worksheet takes into 
account site-specific information on flow rate, UVT range, water type, target pathogen for 
log credit, log credit required, etc. Log reductions are additive for multiple stages, e.g. four 
stages can be designed based on doubling the two stage reactor predictions. 

Quality assurance and quality control 
The uncertainties assigned to each measurement are provided in the body of the report (Table 
7-1) along with a summary of the derivation of those uncertainties and a comparison with the 
default criteria given in the UVDGM. 

5.3.2 Calculation of the log inactivation credit 

The information provided in the validation report of the Orica AFP840 UV disinfection system by 
Water Futures 2008 was used to calculate the pathogen inactivation credits for the proposed 
Orica AFP840 UV system at Fyansford Utility WWTP as follows: 

 UV system design information include: 
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UVT is 80% (assumed for highly treated mainly residential wastewater using MBR and 
UF before UV disinfection). 

Maximum design flow is 600 kL/day or 7.6 l/s (assuming 22 hours operation/day) 

 Step 1: Calculate RED design equation specific to the challenge UV validation test 

From Table 6-4 of the validation report, look up relevant equation for potable (60mm, 2 
stages). Potable was used because the UF permeate that will be disinfected through the 
UV system would have high UVT and is closer in quality to potable than conventionally 
treated wastewater considered in the validation report. The following equation is used: 

LogRED = 0.851 x log(1/flow) + 1.079 x logUVT 

LogRED = 0.851 x log(1/4) + 1.079 x log80 = 1.541 

Validated RED dose is 34.8 (mJ/cm2) 

 STEP 2: Calculate the Uncertainty of Validation 

UVAL is the uncertainty in validation, calculated according to Figure 5.5 of the UVDGM 
2006  

US = Uncertainty of sensor value = 6.7%, which is the average of values in Table 6-7 of 
the Erica UV system validation report 

UDR = Uncertainty of the fit of the dose-response curve = 100.37% according to Table 5-5 
of the Erica UV system validation report for potable (combined). 

UIN = Uncertainty of interpolation.  UIN = (t x SD/RED) x 100% (Equation 5.15 of UVDGM 
2006) 
Where: 
t is the t-statistic at a 95% confidence level = 2.09 according to Table 6-6 of the Erica UV 
system validation report for potable (60mm, 2 stages) 
SD is the Standard deviation of the differences between the test RED and the RED 
calculated using the dose-monitoring equation for each replicate = 17.2 according to 
Table 6-6 of the Erica UV system validation report for potable (60mm, 2 stages). 
UIN = (2.09 x 17.2/34.8) x 100% = 103.4% 

UVAL = (UIN
2 + UDR

2)1/2  Using Figure 5.5 of the UVDGM 2006 as a decision tree with US < 
10% and UDR > 30% 

UVAL = (103.42 + 100.372)1/2 = 144.1% 

 STEP 3: Calculate the RED Bias 

BRED is the RED bias factor, which can be estimated from Appendix G of the UVDGM 
2006 

Challenge UV sensitivity (mJ/cm2/logI) = 23.2 according to Table 5-4 of the Erica UV 
system validation report for potable (combined). 

UVT is ≥80% and the target inactivation credit of 2.5 for cryptosporidium. 

BRED = 2.72 from Table G.4 for 2.5-log Cryptosporidium inactivation credit  

 STEP 4: Determine the Validation Factor 

VF is the Validation Factor, which accounts for the bias and uncertainty associated with 
validation testing 

VF = BRED x (1+ UVAL/100) (Equation 5.13 of UVDGM 2006) 

VF = 2.72 x (1+ 144.1/100) = 6.64 

 STEP 5: Calculate the Validated Dose 
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DVAL =RED/VF (Equation 5.16 of UVDGM 2006) 

DVAL = 34.8/6.64 = 5.2 mJ/cm2 

The validated dose calculated above is for a 2-stage Orica AFP840 UV reactor. To 
achieve the required 2.5 log inactivation, the validated UV dose should be equal or 
greater than 8.5 mJ/cm2 according to Table 1.4 of the UVDGM 2006. Thus, a 4-stage 
Orica AFP840 UV reactor will be used whereby the validated UV dose is calculated as 
follows: 

DVAL = 5.2 x 2 = 10.4 mJ/cm2 

5.3.3 Operational requirements & critical control points 

Table 7, Orica UV Disinfection System Operating & Quality Control Parameters 

Operating parameter value 

Peak flow rate 4 l/s (2 required) 

Validated UV dose > 8.5 mJ/cm2 

# lamp stages/reactors 4 using 60mm dia AFP tubes to carry the 

process flow in serpentine arrangement in a 

column 

Max Pressure 450 kPa 

UVT% Min of 80% 

 

5.3.4 Log-removal credit 

Based on the above testing information and calculations, we are proposing the following 
pathogen removal credit to the proposed Orica AFP840 UV disinfection system: 

Target organism Removal credit 

Giardia lamblia 2.5-log 

Cryptosporidium 2.5-log 

Virus negligible 

 

5.4 Chlorination  

5.4.1 Calculating log inactivation for chlorination 

The approach used to validate log reductions based on chlorination system is consistent with 
those outlined in the USEPA Disinfection Profiling and Benchmarking Guidance Manual (1999). 
The CT method was used to evaluate the amount of chlorine disinfection the Fyansford 
Treatment Scheme would need to achieve the 4-log removal of virus required for compliance 
under the EPA criteria. CT is a measure of disinfection effectiveness and is defined as 
disinfectant residual concentration (C in mg/L), multiplied by contact time (T in min). CT values 
for virus inactivation have been derived using studies traditionally applied on surface waters, 
however, since the recycled water before chlorination would be highly treated using MBR, UF, 
partially through RO and UV, it is considered acceptable to apply these CT values to recycled 
water. 
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Determining CT values 

CT values corresponding to 3-log Giardia and 4-log viral inactivation were used as the basis for 
determining the estimated log inactivation achieved by chlorine disinfection within the Fyansford 
plant chlorine contact tank on any given day. CT values for Giardia were used for 
Cryptosporidium as CT values for Cryptosporidium were not available in the USEPA guidance 
manual for disinfection profiling and benchmarking. Operational information that was used to 
determine CT values from the CT tables outlined in the USEPA Guidance Manual for 
Disinfection Profiling and Benchmarking is outlined in Table 8 below. Note that the operational 
information used was conservative to ensure that final inactivation was for worst case scenarios. 

Table 8, Operational information for calculating CT values 

Operational Parameter Value 

Disinfectant type Chlorine 

pH  6.5 - 8 

Temperature 5ºC 

Peak hourly flow rate 8 L/sec  (127 gpm) 

Chlorine contact tank volume 15.52 KL  (4,100 Gallons)  

Residual disinfectant concentration 0.6 mg/L 

 

Determining contact time using baffling factors 

Baffling factors (T10/T) according to specific baffling classifications are outlined in the USEPA 
guidance manual for disinfection profiling and benchmarking. These are outlined in Table 9 
below. 

Table 9, Baffling factors for chlorine contact tanks 

Baffling Condition Baffling 

factor (T10/T) 

Baffling Description 

Unbaffled (mixed flow) 0.1 None, agitated basin, very low length to width 

ratio, high inlet and outlet flow velocities 

Poor 0.3 Single or multiple unbaffled inlets and outlets, no 

intra basin baffles 

Average 0.5 Baffled inlet or outlet with some intra-basin 

baffles 

Superior 0.7 Perforated inlet baffle, serpentine or perforated 

intra-basin baffles, outlet weir or perforated 

launders 

Perfect (plug flow) 1.0 Very high length to width ratio (pipeline flow), 

perforated inlet, outlet, and intra basin baffles. 

 

The chlorine contact tank will be designed to meet the conditions required for “Average” baffling 
condition. Therefore a baffling factor of 0.5 was applied in estimating the contact time (T10) 
required for estimation of log inactivation. Contact time (T10) is calculated using the theoretical 
detention time (TDT), which is determined from the following: 

 TDT  = (V/Q) 
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 Where V= volume of the contact basin = 4,100 gallons 

Q = Peak hourly flow rate = 127 gallons per minute 

  TDT  = (4,100/127) 

= 32.28 minutes 

The baffling factor is then applied to the TDT to determine the contact time (T10). 

 T10 = TDT x Baffling Factor (T10/T) 

 T10 =32.28 x 0.5 = 16.14 minutes 

Estimated log inactivation requires the T10 calculated above along with water temperature, pH 
and the residual chlorine concentration expected within the contact tank. This is calculated 
using the following equations: 

 Estimated log inactivation of Cryptosporidium = 3.0* CTactual/ CT3-log, Giardia 

 Estimated log inactivation of adenovirus = 4.0* CTactual/ CT4-log, virus 

CTactual is calculated using the following equation: 

 CTactual = (residual disinfection concentration) x T10 

   = 0.6 mg/L x 16.14 minutes 

   = 9.68 mg-min/L 

Standard CT values to inactivate 3-log Giardia (CT3-log, Giardia) and 4-log viruses (CT4-log, virus) were 
sourced from Tables 3-4 and 3-5 or Appendix C of the USEPA guidance manual for disinfection 
profiling and benchmarking for the operational conditions expected in the chlorine contact tank. 

 Required CT3-log, Giardia for pH = 8.0, Temperature = 5ºC and Cl2 residual = 0.6 
mg/L 

 CT3-log, Giardia = 204 mg-min/L 

 

 Required CT4-log, virus for pH = 6.0 – 8.0, Temperature = 5ºC and Cl2 residual = 0.6 
mg/L 

 CT4-log, virus = 8 mg-min/L 

Estimation of the log inactivation calculations based on CT values is outlined below: 

 Estimated log inactivation of Cryptosporidium  = 3.0* CTactual/ CT3-log, Giardia 

= 3.0*9.68/204 

= 0.14 

 

 Estimated log inactivation of adenovirus   = 4.0* CTactual/ CT4-log, virus 

= 4.0*9.68/8 

= 4.84 

5.4.2 Operational and monitoring requirements 

 The main control limit for disinfection by chlorine is CT, which can be directly related to 
log inactivation for virus as presented in Appendix C of the USEPA guidance manual for 
disinfection profiling and benchmarking. The critical limit of free chlorine residual to 
achieve CT that produces 4 log inactivation of virus is 0.5 mg/L. However, the above 
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calculations were based on 0.6 mg/L of free chlorine, which produces 4.8 log inactivation, 
thus the 0.6 mg/L free chlorine can be considered an alarm (low) control limit. 

 The alarm and critical control limits were calculated based on certain design assumptions 
outlined in Table 8 above. Thus, such variables are also considered as critical control 
limits.  

 The contact time for the calculation of CT will be determined through tracer studies 
according to Appendix D of the USEPA guidance manual for disinfection profiling and 
benchmarking. The contact time of mixing basins and storage reservoirs used in 
calculating CT should be the minimum detention time experienced by 90 percent of the 
water passing through the unit. 

 The CT would be monitored through measurement of the free residual chlorine at a level 
that corresponds to the validated detention for the system. In this respect, as calculated 
above, 0.6 residual of free chlorine would produce 4.8 log inactivation of virus. 0.5 
residual of free chlorine would produce 4.0 log inactivation of virus. 

 Residual is measured online along with temperature and pH at the outlet of the chlorine 
contact tank. Chlorine dosing will be using automatic dosing pumps, which stop when the 
residual free chlorine reaches the required limit. If the monitored residual chlorine is 
below the required limit but not less than the absolute limit for compliance (i.e between 
0.5 and 0.6 mg/L free chlorine), then an alarm will be activated that requires investigation. 
If the monitored residual chlorine is below 0.5 mg/L free chlorine, then the system shuts 
down until the problem is rectified. 

 The residual is also measured at the second disinfection application point, which is the 
recycled water storage tank that feeds the recycled water distribution system. 

 

 

5.5 Overall validated log-removal of pathogens 

Table 10 below summarises the total log reductions expected from the Fyansford water 
treatment system. It is expected that these log reductions will be verified following construction 
and commissioning of the treatment train through ongoing monitoring systems. It is assumed 
that bacterial criterion is achieved through respective log reductions in virus and 
Cryptosporidium. 

Table 10, Expected microbial log reductions of the selected treatment system 

Fyansford Proposed Water Treatment Process Pathogen Class A 

Target Log 

Reduction 
MBR UV UF RO Cl Total 

Bacteria <10 

E.coli/100ml 

(8 - log) 

- 

- 

- - - - <10 

E.coli/100 

ml (8-log) 

Adenovirus/MS2 7 - log - negligible 3.5  4 7.5 

Cryptosporidium: 6 - log - 2.5 4  0.14 6.64 
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6 Operational Monitoring and Process Control 
This section covers the operational monitoring and process control to be implemented to 
formalise the activities which are essential for ensuring that recycled water of an acceptable 
quality is consistently provided. 

Sirex will ensure that process-control programs specifying detailed operational factors are 
developed to ensure that all processes and activities are carried out efficiently and effectively. 
Examples of specific process-control programs include: 

 Descriptions of all preventative measures and their functions 

 Documentation of effective operational procedures, including identification of 
responsibilities and authorities 

 Establishment of a monitoring protocol for operational performance, including 
selection of operational parameters, such as target criterion and critical limits, and 
the routine review of data 

 Establishment of corrective actions to control excursions in operational parameters 

 Development of requirements for use and maintenance of suitable equipment 

 Development of requirements for use of approved materials and chemicals in 
contact with recycled water 

 Establishment of procedures for restricted end uses 

 Establishment of procedures for activities undertaken by users of recycled water at 
application sites (particularly when end use preventative measures are relied on to 
minimise the risk to acceptable levels) 

Effective implementation of process-control programs will be undertaken through the training 
and awareness initiatives outlined in Section 10.  

6.1 Monitoring and Corrective Actions 

Operational monitoring protocols will be developed to assess and confirm the performance of 
preventative measures through a planned sequence of observations and measurements. 
Operational monitoring will include the following key elements: 

 Development of operational monitoring plans from source to point of use and 
beyond, detailing strategies and procedures 

 Identification of the parameters and criteria to be used to measure operational 
effectiveness and where necessary, trigger corrective actions 

 Ongoing review and interpretation of results to confirm operational performance.  

Operational monitoring will also include regular observational monitoring which will include: 

 Regular inspections of industrial waste facilities, sewer integrity and plant 
equipment 

 Monitoring of application methods, timing of irrigation, access controls and signage. 

Procedures will also be developed to re-establish process control immediately in situations 
where alert criteria or critical limits are exceeded/not met. These procedures will include 
instructions on required adjustments, process-control changes and additional monitoring.  

The tables below provide preliminary procedures and corrective actions for identified CCPs 
along with potential critical and alert limits. 
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Ultra filtration 

CCPx Flux Trans membrane 

pressure (TMP) 

Monitored air flow during 

DIT 

Turbidity Particle counting 

Critical limits/Alert limits 

Alert    97 l/hr 0.1 NTU  

Critical 76 l/m2/hr 0.9 bar 236 l/hr 0.15 NTU 95% conf. int. of previous 

month data 

Monitoring procedures 

What Total flow to UF Trans membrane 

pressure 

Air flow during DIT Turbidity  

How Flow meter Pressure meter  Turbidity meter  

When Continuous Continuous Once a day Continuous  

Where Upstream of UF UF vessel  UF permeate  

Who Automatic Automatic  Automatic  

Corrective actions 

What       

How      

When      

Where      

Who      

Verification 

records 
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UV disinfection 

CCPx Peak flow rate Max. pressure UVT%   

Critical limits/Alert limits 

Alert       

Critical 4 l/s per reactor 450 kPa 80%   

Monitoring procedures 

What   UVT   

How   UVT meter   

When   Continuous   

Where      

Who      

Corrective actions 

What       

How      

When      

Where      

Who      

Verification 

records 
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Chlorination 

CCPx      

Critical limits/Alert limits 

Alert       

Critical      

Monitoring procedures 

What      

How      

When      

Where      

Who      

Corrective actions 

What       

How      

When      

Where      

Who      

Verification 

records 
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6.2 Standard Operating Procedures 

A draft Operation and Maintenance (“O&M”) manual will be prepared by Sirex for the FUPLS 
(copy is attached in Appendix 20).  The O&M manual will be prepared and finalised during the 
commissioning phase.  The O&M manual will provide a range of standard operating features 
including daily run checks. The following is an example standard operating procedure for daily 
run checks on the MBR plant by Sirex operators: 

 

Fyansford Daily Maintenance 

1. FILL OUT SYTEM LOG SHEET AND VERIFY THAT THE OPERATING SETTINGS ARE 
NORMAL. 

2. VISUALLY CHECK ALL SYSTEMS, INCLUDING ALL CHEMICAL STORAGE 
CONTAINERS AND CHEMICAL PIPING SYSTEMS, AS WELL AS ALL UNIT PIPING, 
PRESSURE AND FLOW INSTRUMENTS, SAMPLE TAPS AND FITTINGS, TUBING AND 
TANKS AND REPAIR AS NECESSARY. 

3. COLLECT SAMPLE FROM AND MEASURE MLSS CONTENT. IF MLSS EXCEEDS 
12,000MG/L SOME OF THE SLUDGE FROM THE BOTTOM OF THE MBR MUST BE 
REMOVED. 

4. VISUALLY INSPECT THE AIR DISTRIBUTION IN THE MBR AND PERFORM AERATOR 
WASH PROCEDURE IF UNEVEN AIR DISTRIBUTION IS OBSERVED. 
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7 Verification Monitoring 
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8 Prerequisite Programs 
A number of prerequisite programs are in place to ensure optimal process operation underpins 
the effectiveness of the preventative risk management system. These include: 

 Trade waste management 

 Operation and maintenance procedures 

 Quality assurance for installation of treatment components (e.g. configuration of UV 
reactors, factory pressure tests for membrane systems, product specifications for 
replacement parts) 

 Calibration of monitoring instrumentation 

 Chemical quality assurance 

 Overarching quality management systems that the RWQMP will be linked to. 

Need to get further detail on these programs and any others which may exist. 
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9 Incidents and Emergencies 

9.1 Incident Management and Emergency Response 
Protocols 

A number of incidents and emergency situations have been outlined through the application of 
the HACCP principles to the Fyansford Utility scheme. This Section will identify all realistic 
emergency scenarios and will detail incident and emergency protocols specific to the production 
and supply of recycled water including response actions, roles and responsibilities and 
communication arrangements. Relevant incidents will be those which may affect human health 
and the environment, such incidents may include: 

 Non-conformance with guideline values or water quality objectives 

 Incidents that increase the levels of potentially harmful contaminants or cause 
failure of treatment systems (including spills, illegal discharges or incorrect dosing 
of chemicals). 

 Toxic algal blooms in recycled water storages 

 Unauthorised use of recycled water 

 Recycled water – potable water reticulation cross connection 

 Other specific incidents or emergencies relevant to the dual pipe scheme. 

Fyansford Utility will include incident management and emergency response protocols within its 
operation and maintenance manuals. These protocols will be defined through the development 
of the HACCP and will be developed to ensure that public and environmental health risks are 
managed efficiently and effectively. The protocols will be developed in consultation with the 
DHS, EPA and other relevant authorities and will be consistent with existing emergency 
response regulation.  

Key areas to be addressed in the incident management and emergency response protocol 
include: 

 Response actions 

 Responsibilities of individuals or groups, both internal and external to the 
organisation 

 Plans for alternative water supplies 

 Mechanisms for increased health or environmental surveillance. 

A corrective action plan has been established based on the Critical Control Points (CCP’s) 
developed through the HACCP process. The objectives for the corrective action plan are to: 

 Bring processes back under control as soon as possible 

 Where possible dispose of any unsafe water before it can reach the end user 

 Generate improvement plans to avoid recurrence of critical limit exceedance.  
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10 Employee Awareness and Training 
Employee awareness and training are essential for the successful operation of a recycled water 
system. Employees require a sound knowledge base so that they can make effective 
operational decisions. The development and maintenance of a sound knowledge base requires 
training in the methods and skills associated with the operations of a recycled water system. 
This section outlines the employee training needs and programs intended for the Fyansford 
Utility staff. All training will be documented and recorded to identify progress and future training 
needs. Training of all staff will be ongoing as part of the review of environmental and health 
approval documentation. 

10.1 Operations Staff 

Treatment plant and associated processes 

Operators and contractors working within the treatment plant and associated processes 
(pipeline, storage and irrigation) will be appropriately skilled and trained in the management and 
operation of recycled water supply systems and will have completed Certificate 3 in Water 
Industry Operations, a nationally accredited course. Other methods intended for increasing 
employee awareness and training will include induction and education programs, newsletters, 
guidelines, manuals, notice boards, seminars, briefings and meetings. Relevant training areas 
which will be addressed include through such methods includes: 

 General water quality 

 Water microbiology and chemistry 

 Soil and groundwater chemistry 

 Recycled water treatment 

 Stormwater collection and treatment 

 Trade waste control 

 Irrigation management (for irrigation of the Fyansford Green using recycled water) 

 Hydraulic, nutrient and contaminant balances at sites of use or discharge 

 Application of plumbing codes relating to recycled water and dual water supply 
systems 

 On-site treatment of sewage and greywater 

 Operation of filtration plants 

 Disinfection system operation 

 Distribution management 

 Sampling, monitoring and analysis of recycled water, soils, groundwater and 
surface water. 

 Interpretation and recording of results 

 Risk management 

 Equipment maintenance 

 Incident management and emergency response 

 Document control 

Initially an Operation and Maintenance Manual will be developed to inform and educate staff on 
proper operation of the treatment plant and associated processes. Training courses in the 
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operation and maintenance of the treatment plant will be developed and run prior to 
commissioning of the system. These initial courses will include instruction on: 

 HACCP Introduction and Responsibilities 

 HACCP Response to exceedance of Critical Limits 

 Process overview and requirements 

 Pumps 

 Compressors 

 UV System 

 Chemical dosing system 

 Sampling systems and analysers 

 Control system and SCADA 

 Maintenance requirements for the above 

10.2 Office Based Staff 

Instruction and documentation will be provided to office based staff to educate them about the 
appropriate and prohibited uses of recycled water. Instruction and protocols will also be 
provided to staff prior to plant commissioning which outlines procedures for notifying customers 
and authorities of any incidents or emergencies. 
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11 Documentation and Reporting 
This section will outline the documentation and reporting procedures and initiatives to be 
implemented at the Fyansford Utility scheme.  

11.1 Documentation 

Appropriate documentation will be developed for the Fyansford Utility scheme. It will provide the 
foundation for implementing and maintaining effective recycled water quality management 
systems. This documentation will include: 

 CCP monitoring results and analyses 

 Breaches of critical limits and corrective actions taken 

 Verification monitoring 

 Incidents and emergencies and corrective actions taken 

 Inspection and maintenance activities relevant to water quality 

 Preventative measures and their purpose 

 Operational procedures for relevant activities 

 Operational monitoring protocols, including parameters and criteria 

 Schedules and timelines 

 Data and records management requirements 

 Corrective actions to be implemented when required 

 Maintenance procedures 

 Responsibilities and authorities 

 Internal and external communication and reporting requirements 

All documentation will: 

 Demonstrate that a systematic approach is established and is implemented 
effectively 

 Develop and protect the organisations knowledge base  

 Provide an accountability mechanism and tool 

 Satisfy regulatory requirements 

 Facilitate reviews and audits by providing written evidence of the system 

 Establish due diligence and credibility.  

Documentation will also be developed in such a way which to provide a basis for effective 
communication within the organisation as well as to the community and to various other 
stakeholders as necessary. A document control system will also be established to ensure that 
the most recent version of an appropriately approved document is in use. 

All documentation will be stored so they are visible and readily available to operators and end 
users where required. Systems and protocols will be developed to ensure that documentation is 
read, adequately understood and adhered to.  

Simple, efficient and focused documentation and record keeping systems will be developed and 
implemented where documentation requires record keeping of large amounts of data (such as 
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water and environmental quality monitoring, validation and verification, performance evaluation, 
audits and reviews etc).  

All documentation will be periodically reviewed and revised to ensure that they are kept up to 
date. A computer based documentation system will be considered due to faster and easier 
access, distribution, back up and updating. 

11.2 Reporting 

Procedures complete with definition of responsibilities and authorities will be established for 
regular reporting. It is intended that reporting will be both internal and external and will 
summarise at least the following areas: 

 Monitoring data 

 Performance evaluation 

 Incidents 

 Maintenance 

 Auditing and verification 

 Management review 

Fyansford Utility will develop specific protocols and reporting procedures to inform the EPA, 
DHS and other relevant agencies and stakeholders in the even of an incident or emergency 
(such as the supply of off-specification water to customers). 

An annual report will be prepared and submitted to both the EPA and DHS. This will include: 

 Summarised recycled water quality performance over the preceding year against 
numerical guideline values, regulatory requirements or agreed levels of service, 
and identification of water quality trends and problems 

 A summary of soil, groundwater and surface water monitoring at application and 
receiving environments over the preceding year against numerical guideline 
values, regulatory requirements or agreed levels of service and identification of 
water quality trends and problems 

 A summary of any system failures and the action taken to resolve them 

 Specification to whom Fyansford Utility is accountable as well as all statutory or 
legislative requirements, and minimum reporting requirements 

 Conformance as to whether monitoring was carried out in accordance with the 
principles of risk management outlined by the EPA and the DHS. 

 A summary of audit outcomes. 

11.3 Notifications 

Notification procedures will be established to ensure that the Scheme Manager and/or Users 
are notified of any incident that potentially places public health at risk. The Environmental Health 
Unit of DHS will be immediately notified should any of the following occur: 

 A system failure that may potentially impact on users of the recycled water 

 An emergency or incident that potentially places public health at risk 

 Any changes to the RWQMP or operation of the treatment process that may 
potentially impact achieving required water quality objectives. 
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12 Auditing 
A periodic auditing process is to be established to ensure compliance of obligations under the 
RWQMP. The audit will cover actions of all stakeholders including operators, managers, users 
of recycled water and where appropriate, plumbers and installers of extensions to systems; and 
of implementation and adherence to on-site controls and use restrictions. 

Internal audits will occur randomly throughout the year and will review the following: 

 Staff competency 

 Review of management systems and associated operational procedures and 
monitoring programs 

 Review of records and documentation. 

External audits will be required to be submitted to the EPA and DHS as part of the Environment 
Protection Act 1970. These audits are required to be undertaken by an independent third party 
within the first 12 months of commissioning with ongoing audit frequency to be determined by 
the EPA depending on the outcomes of the initial audit. External audits will be developed in 
accordance with AS/NZS19011:2003 Guidelines for Quality and/or Environmental Management 
Systems Auditing and will focus on confirming the implementation and results of the internal 
audits and will also consider the following: 

 The preventative management system 

 Operational activities 

 Implementation of the HEMP provisions 

 Recycled water quality performance 

 Application of on-site controls and adherence to use restrictions 

 The effectiveness of incident and emergency response or other specific aspects of 
recycled waster quality management 

 Environmental indicators and performance 

 Changes to end use, relevant guidelines, policies and legislation. 

Audit results will be documented and communicated to management and staff responsible. 
Results of the audits will also feed into an annual review of documentation and operational 
procedure by the system manager. 
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13 Review and Improvement 
All documents outlined within this RWQMP will be regularly reviewed and updated where 
necessary to ensure it remains relevant. The purpose of the review will be to: 

 Assess overall performance against guidelines and regulatory requirements 

 Address emerging problems and trends identified through monitoring results, 
internal reviews, incidents and emergencies 

 Identify priorities for improving recycled water quality management, and research 
and development opportunities 

 Incorporate management responses to emerging issues that relate to recycled 
water quality, and confirm whether any potential risks are being appropriately 
managed. 

Review of the documentation and processes outlined in the RWQMP will be reviewed at least 
annually to encourage continual improvement of the system as a whole. Any significant changes 
to the HEMP and the RWQMP will be submitted for EPA approval and DHS endorsement, while 
minor changes will be provided to the EPA within the annual report. 
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14 Commissioning the RWQMP 
Fyansford utility will ensure that all monitoring, critical limit alarms and corrective action within 
the RWQMP have been tested and verified by an independent third party upon commissioning. 
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Appendix 1 
 

Fyansford Utility Operations Flow Chart 
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Fyansford Utility Scheme Layout Plans 
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WWTP building and plant layout plans  
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Schematic & process flow diagrams 
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Preliminary hazard identification & controls table 
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UF design and validation report 
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UV design and validation report 
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MBR M&O Manual 
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1 Introduction 

One of the most prominent applications of ultrafiltration in drinking water 
treatment is for the removal of pathogenic micro-organisms. The small pore­
size of the membrane-fibres (around 0.01 J..Ull) make ultrafiltration in theory 
an absolute barrier against pathogenic bacteria (1-2 J..Ull), protozoa (like 
Cryptosporidium (4- 5 J..Ull) and Giardia (8 -18 J..Ull)) and viruses (0.025- 0.08 
J..Ull). 
In practice, UF is not absolute, but the removal efficiency is considerable (4-
6logs, Lovins et al., 1999; Smith & Pearce, States et al., 1999, Kiwa-data; 
Jacangelo et al., 1991; Mandra and Baudin, 1996) and exceeds that of many of 
the conventional treatment steps. The fraction of the smallest micro­
organisms used in tests that may appear in the permeate could have passed 
the membrane units through a fraction of the pores with sizes similar to the 
sizes of these micro-organisms. 
When the membrane integrity is severely impaired (i.e. in the case of broken 
fibres), more micro-organisms may pass through to the permeate and the 
removal efficiency is reduced. 

As membrane integrity is of primary importance to warrant the removal 
efficiency of an UF-unit, the integrity should be measured in challenge-tests 
such as described in this report. Integrity monitoring during operation is 
equally essential, and may be realised by for example particle counting 
(Willemsen-Zwaagstra et al., 1997) and/ or air-water-displacement-tests (G. 
Turner, pers. comm.). 

The aim of this study was to determine the removal of micro-organisms by 
ultrafiltration in a system with two membranes that are approved by the X­
Flow test procedures, which incorporate a bubble test and pressure hold test 
and to determine the effect of breaking one, two or three of the approx. 10.000 
fibres of the two membranes on the removal efficiency. 

For this purpose, the membrane elements in a pressure vessel were 
challenged with model-organisms: Bacillus subtilis spores (approx. 1 J..Ull) and 
MS2 F-specific bacteriophages (27 nm). The spores were used as a 
conservative surrogate for the larger (oo)cysts of parasitic protozoa (i.e. 
Cryptosporidium paruum-group oocyst size approx. 4 J..Ull) and the phages are 
used as a surrogate for pathogenic viruses, i.e. Norwalk like viruses. 

This report describes the result of the challenge tests with Bacillus spores. The 
results of the tests with phages will be reported in a follow-up report. 
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2 Study design 

2.1 Test organisms 

To determine the removal efficiency of the membrane system, the membranes 
were challenged with water to which spores of Bacillus subtilis (approx 1 ~) 
were added in high concentrations (approx. 104 per ml). Bacillus subtilis spores 
are regarded as an indicator for the removal of persistent organisms, such as 
Cryptosporidium. 
The micro-organism suspensions were prepared by Kiwa in sterile water at a 
strength of 1010-11 per litre and transported on ice to the NMT installation at 
Hengelo. 

2.2 Test system 

The membranes that were tested were type 0.8mm UFC MS (8 inch) 
membrane elements. The membrane elements were tested in a bubble-test by 
X-Flow according to the standard protocol. Two membranes were installed in 
a pressure vessel. The vessel and membranes were tested in a pressure-hold 
test, according to the X-Flow protocol. 
The vessel was fed by a feed pump with drinking water at a flow of 7 ffil /h. 
The micro-organisms were dosed into the feed water at a rate of llitre/h, 
resulting in a feed concentration of approx. 10Hjml. 
Sampling taps were installed just prior to the pressure vessel and in the 
permeate line. 
After the experiments the membrane elements were re-tested in a bubble test 
to verify the number of broken fibres after the experiment was identical to the 
number of broken fibres prior to the experiment. 

2.3 Challenge tests 

Before the onset of the challenge, the membranes were installed in the 
pressure vessel, flushed and deaerated and disinfected with NaOCl (200 
mg/1). After flushing of the system a blank sample was taken. 

Challenge 1: two intact membrane elements 
The challenge was started by starting the dosing pump. After 10 minutes, a 
sample of the feed was taken. After 15 minutes and 30 minutes of filter-run 
two (duplicate) samples were taken from the permeate. 
The filtration was stopped and the system was flushed, chlorinated and 
dechlorinated, according to the protocol in annex I. 
Care was taken to keep samples and sampling materials from the feed and 
permeate side separate. Samples were kept on ice. 

Challenge 2: one intact element and one element with one broken fibre 
After this first challenge test with two intact membrane elements, one of the 
elements was removed from the pressure vessel and replaced by a membrane 
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element with one broken fibre (determined in bubble test). The installation 
was flushed and deaerated again and after a blank sample was taken, a 
challenge with spores was restarted and sampling and flushing/ chlorination 
were performed as in challenge 1. 

Challenge 3: one intact element and one element with three broken fibres 
Now, the element with one broken fibre was removed and replaced with an 
element with three broken fibres. The preparation, challenge, sampling and 
flushing/ chlorination were performed as in challenge 1 and 2. 

Challenge 4: one intact element and one element with two broken fibres 
The element with three broken fibres was removed from the pressure vessel 
and one of the fibres was plugged at both sides to stop the water flow 
through this fibre. Hence, this element contained two broken fibres where 
water was flowing through. Due to the longer time needed for the 
preparation of this challenge test, the UF had been flushed more thoroughly 
than after the chlorination in the previous challenge tests. 

After all samples were taken, the samples were transported on ice to the 
Laboratory of Microbiology of Kiwa and appropriate volumes were analysed 
for spores of Bacillus subtilis by membrane filtration on Plate Count agar, 
according to the Kiwa Laboratory for Microbiology protocol. 
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3 Results & discussion 

The results of the sample analysis are given in Table 1. The data of the first 
run indicate that the challenge experiment was performed as planned. The 
measured concentrations in the feed were comparable to the expected 
concentrations based on the concentration in the challenge suspension and 
the flow rates of the feed and challenge (dilution). 

Table 1. Counts of Bacillus subtilis spores in the samples of the challenge tests. 

Sample description Bacillus spores 
CFU/1 

First run (intact elements): 
QAsamples 
Permeate blank 1 <1 
Permeate blank 2 <1 
Challenge suspension approx. 1011 
Challenge test 
Feed concentration 8.8 X 106 
Permeate after 15 minutes <1 
Permeate after 15 minutes <1 
Permeate after 30 minutes <1 
Permeate after 30 minutes <1 
Second run (1 fibre broken): 
QAsamples 
Permeate blank <1 
Challenge test 
Feed concentration 8.8 X 106 
Permeate after 15 minutes 5.0 X 103 
Permeate after 15 minutes 5.0 X 103 
Permeate after 30 minutes 3.8 X 103 
Permeate after 30 minutes 3.8 X 103 
Third run (3 fibres broken): 
QAsamples 
Permeate blank <1 
Challenge test 
Feed concentration 9.8 X 1()5 
Permeate after 15 minutes 7.5 X 103 
Permeate after 15 minutes 6.3 X 103 
Permeate after 30 minutes 6.3 X 103 
Permeate after 30 minutes 3.8 X 103 
Fourth run (2 fibres broken): 
QA-samples 
Permeate blank <1 
Challenge test 
Feed concentration 8.2 X 1()5 
Permeate after 15 minutes 1.3 X 1()3 
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Permeate after 15 minutes 
Permeate after 30 minutes 
Permeate after 30 minutes 

1.3 X 1{)3 
3.8 X 103 
6.3 X 103 

The blank samples of the spores were always negative, indicating that the 
flushing and cleaning protocol was adequately removing these spores from 
the system. 
The spore concentration in the feed was close to the concentration that could 
be calculated based on the concentration in the challenge suspension (lOnjl) 
and the dilution of the challenge suspension (1 1/ h) in the feed water stream 
(7m3/h), indicating no significant losses of spores during the challenge. The 
concentration in feed water was similar in all four nms, indicating that the 
challenge suspension was homogeneous, as was the dosing of this su spension 
to the feed water in the subsequent experiments. Also the variation between 
the duplicate samples was within the expected range in microbiological 
assays. 

The data were used to calculate the log-removals(= 1 0log(Cree<~/Cpermeate); 
Table 2). 

Table 2. Calculated log-removals of Badllus subtilis spores during the filter-runs 

Description Badllus spores 

First run (intact elements) 
Permeate after 15 minutes > 6,9log 
Permeate after 15 minutes > 6,9log 
Permeate after 30 minutes > 6,9log 
Permeate after 30 minutes > 6,9log 
Second run (1 fibre broken) 
Permeate after 15 minutes 3,2log 
Permeate after 15 minutes 3,2log 
Permeate after 30 minutes 3,4 log 
Permeate after 30 minutes 3,4log 
Fourth run (2 fibres broken) 
Permeate after 15 minutes 3,8 log 
Permeate after 15 minutes 3,8 log 
Permeate after 30 minutes 3,3log 
Permeate after 30 minutes 3,1log 
Third run (3 fibres broken) 
Permeate after 15 minutes 3,1log 
Permeate after 15 minutes 3,2 log 
Permeate after 30 minutes 3,2 log 
Permeate after 30 minutes 34log 
Sampling codes : M-002911 to M-002940 
Sampling date: July 17, 2000 
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In general, the duplicate samples are in good agreement. Also, the differences 
between the samples taken after 15 and 30 minutes are smalL Only in run 4, 
the 15 mm samples yielded less spores (and hence m ore removal) than the 30 
minute samples. The calculated log-removals were averaged to determine the 
average log-removal at each condition (fable 3). 
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The impaired integrity results in a significant reduction of the removal 
efficiency. The intact filters removed more than 6.9logs of spores. Already at 
one broken fibre, the spore-removal was reduced to 3.3 logs. This is, however, 
still a very significant removal efficiency. 

Table 3. Average log-remaval of MS2 phages and Bacillus subtilis spores in the nms 
with an increasing number of broken fibres. 

Condition Bacillus spores 
(log-removal) 

Intact elements > 6,9 
Second run (1 fibre broken) 3,3 
Fourth run (2 fibres broken) 3,5 
Third run (3 fibres broken) 3,2 

There is no significant difference observed between the runs with 1, 2 or 3 
broken fibres. The first broken fibre already reduced the efficiency a factor of 
4000 (>6.9logs to 3.3 logs). Assuming the removal of the water flowing 
through the intact fibres is still >6.9logs, this factor is an estimate of the 
fraction of water that is flowing through the broken fibre. With approx. 20.000 
fibres in the pressure vessel of which one is broken, this would mean that 
approx. 0.025% of the water flows through the broken fibre. The additional 
water that flows through the additional broken fibres may further reduce the 
efficiency with a factor of 2 (for 2 broken fibres) to 3 (for 3 broken fibres), but 
this factor is insignificant compared to the factor 4000 of the first fibre. This 
indicates that for optimal performance of membrane elements no fibres 
should be broken. 

Removal of micro-organisms by ultrafiltration 
© Kiwa NV. - 9 - September 2000 



4 References 

}acangelo et al., 1991. Low pressure membrane filtration for removing Giardia 
and microbial indicators. JA WW A, 83:97. 

Lovins et al., 1999. Multi-contaminant removal by integrated membrane 
systems. Proceedings Water Quality Technology Conference 1999, 
AWWA,USA. 

Mandra, V., Baud.in I., Anselme C., 1996. LUltrafiltration: procede de 
clarification et de desinfection des eaux. L'eau, l'industire, les 
nuisances, 166:91. 

Smith & Pearce, 1998. Membrane filtration: an alternative to sand filtration in 
the control of Cryptosporidium? Membrane Technol.115:10. 

States et al., 1999. Removal of Cn;ptosparidium by membrane filtration. 
Proceedings Water Quality Technology Conference 1999, A WW A, USA. 

Willemsen-Zwaagstra, J. et al., 1997. Desinfectiefilosofie productiebedrijf 
Heemskerk. rhO 30: 410. 

Removal of micro-organisms by ultrafiltration 
© Kiwa N.V. -10- September 2000 



Removal of micro-organisms by ultrafiltration 
© Kiwa N.V. - 11 - September 2000 



KOA 00.127 
October 2000 

Removal of micro-organisms by 
ultrafiltration by X-Flow UFC M5 
0.8 mm membranes 

Effect of impaired integrity 

Report 2: Challenge with MS2 phages and Bacillus 
spores 



© 2000 Kiwa N.V. 

KOA 00.127 
October 2000 

All rights reserved. No part of 
this book may be reproduced, 
stored in a database or 
retrieval system, or published, 
in any form or in anyway, 
electronically, mechanically, 
by print, photoprint, microfilm 
or any other means without 
priorwritten permission from 
the publisher. 

Kiwa N.V. 
Research and Consultancy 
Groningenhaven 7 
Postbus 1072 
3430 BB Nieuwegein 
The Nelherlands 

Telephone +31 30 60 69 511 
Telefax +31 30 60 61165 
Internet www.kiwa nl 

Removal of micro-organisms by 
ultrafiltration with X-Flow UFC 
MS 0,8 mm. membranes 

Effect of impaired integrity 

Report 2: Challenge with MS2 phages and Bacillus 
snores 

Client 
X-Flow 

Projectnumber 
30.4209.015 



Col of on 

Title 
Removal of micro-organisms by ultrafiltration 

Projectnumber 
30.4209.015 

Project manager 
ing. B.A.}. Meeuwissen M. Sc. 

Author(s} 
G.J. Medema, A. de Savomin Lohman, A. Brouwer 



Contents 

1 Introduction 3 

2 Study design 4 

2.1 Test organisms 4 

2.2 Test system 4 

2.3 Challenge tests 5 

3 Results 76 

3.1 Challenge test with intact membrane elements 79 

3.2 Challenge test with broken fibres 109 

Annexl 
Protocols for UP-operation in the challenge tests. 

Removal of micro-organisms by ultrafiltration- Report 2 
© Kiwa N.V. - 2 - October 2000 



1 Introduction 

1his is a follow-up report on the challenge tests that have been conducted in 
July 2000 with Bacillus spores. This report describes the results of challenge 
tests with MS2 bacteriophages and Bacillus spores of the 0.8mm UFC M5 
membranes of X-Flow. For the study background the reader is referred to the 
first report. 
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2 Study design 

2.1 Test organisms 

To determine the removal efficiency of the membrane system, the membranes 
were challenged with water to which spores of Bacillus subtilis (approx 1 J.IID) 
and MS2 bacteriophages were added in high concentrations (approx. 10&-7 per 
litre). Bacillus subtilis spores are regarded as an indicator for the removal of 
persistent organisms, such as Cryptosporidium. MS2 phages are regarded as 
indicator for the removal of human pathogenic viruses, such as Hepatitis A 
and Norwalk-like caliciviruses. 
The micro-organism suspensions were prepared by Kiwa in sterile water at a 
strength of 1()1o-n per litre and transported on ice to the NMT installation at 
Hengelo. 

2.2 Test system 

The membrane elements that were tested were of the type S-225-FSFC PVC 
containing UFC M5 0.8mm membranes. The membrane elements were tested 
in a bubble-test by X-Flow according to the standard protocol. 'Three 
membranes were installed in a pressure vessel. 
The vessel was fed by a feed pump with drinking water at a flow of 5.5, 10.5 
or 14 ffi3 /h. The micro-organisms were dosed into the feed water to obtain a 
feed concentration of approx. 10&-7 /1. 
In the first experiment, three intact membrane elements were mounted in the 
pressure vessel. The vessel was fed by a feed pump with drinking water at a 
flow of 10.5 m3 /h. In the second experiment, the pressure vessel was 
mounted with one intact element, one element with a single broken fibre and 
one element with two broken fibres. The permeate flowing from the element 
with two broken fibres (Permeate 2) was kept separate from the permeate of 
the two other elements (intact+ one broken fibre) . This was accomplished by 
blocking the connector of the elements (see installation scheme). 

Feed 2 Feed 1 

Odefects ldcfccts 2 defects 

Permeate1 Permeate3 Permeate2 

In effect, this means : 
o Permeate sample 1: 1 defect in 2 modules (0.5 defects per module) 
o Permeate sample 2: 2 defects in 1 module (2 defects per module) 
o Permeate sample 3: 3 defects in 3 modules (1 defect per module) 
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The fibres were cut through completely, to mimick a worst case break. 
The vessel was fed by a feed pump with drinking water at a flow of 5.5, 10.5 
or 14 tn3/h. The nticro-organ.isms were again dosed into the feed water to 
obtain a feed concentration of approx. 1()-7 fl. 
Sampling taps were installed just prior to the pressure vessel and in the 
permeate lines from both sides of the pressure vessel. At one side, the 
permeate of the element with two broken fibres was sampled (Permeate 2). At 
the other side, samples of the permeate from the intact element and element 
with 1 broken fibre was collected (Permeate 1). An additional sample was 
taken from the permeate line after both permeates were mixed (Permeate 3). 
1his was the sample with 3 broken fibres. 
After the experiments the membrane elements were re-tested in a bubble test 
to verify the number of broken fibres after the experiment was identical to the 
number of broken fibres prior to the experiment. 

2.3 Challenge tests 

Before the onset of the challenge, the membranes were installed in the 
pressure vessel, flushed and vented. In contrast to the challenge tests 
described in the first report, no chlorination/ dechlorination was performed 
prior to and in between the challenges, since residuals appeared to inactivate 
the bacteriophages. After flushing of the system duplicate blank samples 
were taken from the feed and permeate. 

Challenge 1: three intact membrane elements 
The UF was run at 10.5 m3/h. The challenge was started by starting the 
dosing pump. After 5 minutes, duplicate samples of the feed and of the 
permeate were taken. After 10 minutes and 15 minutes of filter-run this 
sampling scheme was repeated. Care was taken to keep samples and 
sampling materials from the feed and permeate site separate. Samples were 
kept on ice. 

Challenge 2: broken fibres 
One week after the challenge test with three intact membrane elements, the 
pressure vessel was refitted with three membrane elements. This time the 
connector between two membrane elements was blocked. The element with 
two broken fibres was mounted on one side and the element with one broken 
fibre was mounted, together with an intact element, on the other side. The 
same sampling scheme was followed as in challenge 1, except that this time 
no duplicate but single samples were taken, as the duplicate samples had 
shown little variation. 
The UF was run at 5.5 ffil /hand samples were taken after 5, 10 and 15 
minutes of both permeate and feed. 
Subsequently, the water flow was increased to 10.5 ffil/h and samples were 
taken again after 5, 10 and 15 minutes of both permeate and feed. After the 
last sampling, the water flow was again increased, now to 14m3/ h. 
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After all samples were taken, the samples were transported on ice to the 
Laboratory of Microbiology of Kiwa and appropriate volumes were analysed 
for MS2 F-specific RNA phages according to ISO 10705-1 and spores of 
Bacillus subtilis by membrane filtration on Plate Count agar, according to the 
Kiwa Laboratory for Microbiology protocol. 
Also the feed suspension was re-tested to verify no significant die-off had 
occurred. 
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3 Results 

3.1 Challenge test with intact membrane elements 

The results of the sample analysis are given in Tables 1 and 2. The data 
indicated that the challenge experiment was performed as planned. The 
measured concentrations in the feed were comparable to the expected 
concentrations based on the concentration in the challenge suspension and 
the flow rates of the feed and challenge (dilution). 

Table 1. Counts of MS2 phages in the samples of the challenge test with intact 
modules. 

Sample description MS2phages 
PFU/ 10ml Removal 

Intact elements 
QAsamples 
Feed blank a <1 
Feed blank b <1 
Permeate blank a <1 
Permeate blank b <1 
Challenge suspension 1.30 X 1011 
Challenge test - after 5 minutes 
Feed a 2.95 X 106 
Feed b 3.05 X 106 
Permeate a 8 5.6log 
Permeate b 6 
Challenge test - after 10 minutes 
Feed a 1.85 X 106 
Feed b 1.61 X 106 
Permeate a 42 4.6log 
Permeate b 47 
Challenge test - after 15 minutes 
Feed a 2.05 X 106 
Feed b 2.50 X 106 
Permeate a 242 4.0 log 
Permeate b 197 
Spike samples Contact time 0 hr Contact time 2 hr 
Feed a 6.05 X 106 3.20 X 106 
Feed b 6.20 X 106 4.23 X 106 
Permeate a 6.55 X 106 2.45 X 106 
Permeate b 6.10 X 106 2.60 xl06 
Backwash 4.80 X 105 5.0 X 103 
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The feed and permeate blanks were negative. The membrane elements were 
challenged with a concentration of 1.61 - 3.05 x 106 MS2 phages per 10 ml. 
Phages were found in the permeate at concentrations of 6-8 per 10 m1 after 5 
minutes, 42-47 per 10 m1 after 10 minutes and 197-242 per 10 ml after 15 
minutes, a dear trend of increasing concentrations in permeate with time. The 
duplicate samples showed good agreement. The log-removal was therefore 
calculated from the average of the duplicates (Table 1) and showed the trend 
of decreasing removal efficiency over time. 
A plausible explanation for this cannot be given as this effect was not 
observed in other tests with phages with X-Flow membranes and the 
installation was explicitly checked on integrity before the dosing of phages 
started. The best estimate of the average removal efficiency during operation 
is based on the average concentration in the permeate. This was used to 
calculate the log-removal (Table 1). 
The spiked control samples showed a slight reduction of phage counts in the 
pre-challenge feed and permeate samples but a very significant reduction of 
phages in the sample taken after chlorination/ dechlorination. This indicates 
that after chlorination/ dechlorination the water still contains residuals that 
inactivate the MS2 phages. This is in agreement with the inactivation of 
phages observed in earlier challenge tests. In a separate test at Kiwa it was 
shown that this could not be attributed to exposure to the dechlorination 
compound (bisulphite) as 1.5 hrs exposure to 100 mg/1 did not result in a 
significant reduction of the phage (or spore) count 

Table 2. Counts of Badllus spores in the S!lmples of the challenge test with intact 
modules. 

Sample description Badllus spores Removal 
CFU/1 

Intact elements 
QAsamples 
Feed blank a * 
Feed blank b * 
Permeate blank a * 
Permeate blank b * 
Challenge suspension 4.35 X 1010 
Challenge test - after 5 
minutes 1.56 x106 
Feed a 1.55 X 106 
Feed b * -
Permeate a * 
Permeate b 
Challenge test - after 10 
minutes 1.50 X 106 
Feed a 1.87x 106 
Feed b * -
Permeate a * 
Permeate b 
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Challenge test - after 15 
minutes 1.50 X 106 
Feed a 1.51 X 106 
Feed b * -
Permeate a * 
Permeate b 
Spike samples Contact time 0 hr Contact time 2 hr 
Feed a 3.05 X 103 2.80 x103 
Feed b 2.70 X 103 3.40 X 103 
Permeate a 6.85 x 103 3.20 X 103 
Permeate b 3.90 x103 * 
Backwash 7.00 X 103 5 X 103 
* Samples could not be counted because of heavy background growth. 

Table 3. Challenge test with 0,5, 1 and 2 broken fibres per module 

Sample description Bacillus spores MS2phages 
CFU/ I PFU/ l Oml 

QAsamples 
Permeate 1 blank 4 <1 
Permeate 2 blank 2 <1 
Permeate 3 blank <1 <1 
Feed blank * <1 
Challenge suspension 5 X 109 1.8 X 1010 
Challenge test 5.5 m 3fh 
5 minutes 
Feed 4.80 x lOS 2.3 X lOS 
Permeate 1 60 5 
Permeate 2 1 7 
Permeate3 45 2 
10 minutes 
Feed 5.05 X 105 4.9 X 105 
Permeate 1 7 
Permeate 2 1 39 
Permeate3 40 17 
15 minutes 
Feed 4.65 X 105 8.15 X 105 
Permeatel 87 9 
Permeate2 1 11 
Permeate3 43 40 
Challenge test 10.5 m3fh 
5 minutes 
Feed 4.85 X 1()5 5.3 X lOS 
Permeate 1 60 18 
Permeate2 12 48 
Permeate3 19 59 
10 minutes 
Feed 5.10 X 105 8.2 X lOS 
Permeatel 71 57 
Permeate 2 3 28 
Permeate3 39 25 
15 minutes 
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Feed 4.55 X l OS 7.1 X lOS 
Permeate 1 48 36 
Permeate2 4 25 
Permeate 3 40 16 
Challenge test 14 mljh 
5 minutes 
Feed 6.10 X 105 1.37x 106 
Permeate 1 92 168 
Permeate2 4 55 
Permeate3 71 77 
10 minutes 
Feed 7.20 X l OS 1.02x 106 
Permeate 1 90 130 
Permeate2 1 32 
Permeate 3 62 142 
15 minutes 
Feed 6.20 X lOS 1.28 X 106 
Permeate 1 95 115 
Permeate 2 <1 112 
Permeate 3 96 158 
The membranes were challenged with 1.50 - 1.87 x 106 spores per litre. The 
blank samples and permeate samples of the challenge tests showed the 
presence of many bacteria that were able to grow on PCA at 37>C. A1 though 
Bacillus may have been part of this flora, this could not be determined, since 
the membrane filters used for this assay were covered with confluent growth 
of bacterial colonies. This heavy background was not observed in the 
previous experiment (Report 1), probably because the chlorination had 
reduced the background presence of aerobic bacteria in the installation to 
very low levels. The log-removal could therefore not be calculated. 
The control samples that were spiked with the spores of the feed and 
permeate prior to the challenges and to the backwash sample after the 
chlorination/ dechlorination after the challenge tests were finished showed 
that the spores were not inactivated. 

3.2 Challenge test with broken fibres 

The results of the challenge test with the broken fibres are given in Table 3. 
As the Bacillus counts in the permeate were hindered by background bacteria 
in the challenge test with intact membrane elements, the samples for spore 
analysis were now pasteurised for 30 minutes at 600C to suppress the 
background bacterial flora. 
In contrast with the previous challenge tests (Report 1), the blank samples of 
the spores were not always negative. Both sample- pasteurisation and colony 
appearance indicated that the bacteria observed in the blanks were Bacillus 
spores. This indicates that the flushing and cleaning protocol had not 
removed all spores from the system. 
The blanks for the phages were all negative, indicating that they had been 
adequately removed or inactivated by the cleaning protocol. 
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At all flows, both the spore and phage concentration in the feed was close to 
the concentration that could be calculated based on the concentration in the 
challenge suspension and the dilution of the challenge suspension in the feed 
water stream, indicating no significant losses of spores and phages during the 
challenge. 
The adjusbnents of both feed water flow and challenge suspension flow lead 
to an increased concentration in feed water at 14m3 /h. The feed samples 
taken after 5, 10 and 15 minutes showed only a small degree of variation, 
indicating that the challenge suspension was homogeneous, as was the 
dosing of this suspension to the feed water in the subsequent experiments. 

The log-removal was calculated for every individual flow and time 
combination (Tables 4- 6 for MS2 phages and Tables 7-9 for Bacillus spores). 

Table 4. Concentration of MS2 bacteriophages in the feed water 

Feed 
Op, 1 and 2 broken fibres per module 

Flow (m3/h) 
5.5 
10.5 
14 

Filtration time 
5min 10min 
230000 490000 
530000 820000 
1370000 1020000 

15min 
815000 
710000 

1280000 

Mean 
511667 
686667 

1223333 

Table 5. Concentration of MS2 bacteriophages in permeate with 0.5, land 2 broken 
fibres per module at different jl(JW rates and filtration times 

Permeate 
0,5 broken fibre per module 

Flow (m3/h) 
5.5 
10.5 
14 

5min 
5 

18 
168 

Filtration time 
10min 15min 

7 9 
57 
130 

36 
115 

1 broken fibre per module 

Flow (m3/h) 
5.5 
10.5 
14 

5min 
2 

59 
77 

Filtration time 
lOmin 15min 

17 40 
25 16 

142 158 

2 broken fibres per module 
Filtration time 

Flow (m3 /h) 5 min 10 min 15 min 
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5.5 
10.5 
14 

7 
48 
55 

39 
28 
32 

11 
25 

112 

19 
33.7 
66.3 

Table 6. Calculated log-removal of MS2 bacteriophages with 0,5, 1 and 2 broken 
fibres at different flaw rates and filtration times. 

Log removal 
0,5 broken fibre per module 

Flow (m3/h) 
5.5 
10.5 
14 

5min 
4.7 
4.5 
3.9 

Filtration time 
10min 15min 

4.8 5.0 
4.2 4.3 
3.9 4.0 

1 broken fibre per module 

Flow (m3/h) 
5.5 
10.5 
14 

5min 
4.5 
4.0 
4.4 

Filtration time 
10 min 15 min 

4.1 4.9 
4.5 
4.5 

4.5 
4.1 

2 broken fibres per module 

Flow (m3/h) 
5.5 
10.5 
14 

5min 
5.1 
4.0 
4.3 

Filtration time 
10 min 15 min 

4.5 4.3 
4.5 4.6 
3.9 3.9 

Table 7. Concentration of Bacillus spores in the feed water 

Feed 
0,5, 1 and 2 broken fibres per module 

Flow (m3/h) 
5.5 
10.5 
14 

filtration time 
5 min 10 min 15 min 
480000 505000 465000 
485000 510000 455000 
610000 720000 620000 

Mean 
483333 
483333 
650000 

Mean 
4.9 
4.3 
3.9 

Mean 
4.4 
4.3 
4.3 

Mean 
4.4 
4.3 
4.0 

Table 8. Concentration of Bacillus spores in permeate with 0,5, 1 and 2 broken fibres 
per module at different flaw rates and filtration times 

Permeate 
0,5 broken fibre per module 

filtration time 
Flow (m3/ h) 5 min 10 min 15 min Mean 
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5.5 60 87 73.5 
10.5 60 71 48 60 
14 92 90 95 92 

1 broken fibre per module 
filtration time 

Flow (m3/h) 5min 10min 15min Mean 
5.5 45 40 43 43 
10.5 19 39 40 33 
14 71 62 96 76 

2 broken fibres per module 
filtration time 

Flow (m3/h) 5min 10min 15min Mean 
5.5 1 1 1 1 
10.5 12 3 4 6.3 
14 4 1 1 2.0 

The highest removal of phages was observed with intact elements after 5 
minutes of filtration. The removal decreased with increasing filtration time to 
4.0 at 15 minutes. 
In other studies with X-Flow UF membranes, complete removal has been 
observed. This indicates that in the configuration tested here either the 
modules or the connectors may have a very small leak rate. This has reduced 
the removal of the intact modules to 4.7 log. 
The removal observed when 0,5, 1 and 2 fibres per module in the membrane 
installation were broken was slightly less than with the intact modules: 3.9-
4.4logs, except for the 0.5 broken fibres/ module at the lowest flow rate. 
There was a tendency that increased flow rates increased breakthrough of 
MS2 phages. This is probably due to increased leak rates at increased 1MP' s. 

As has been concluded in Report 1, the impaired integrity results in a 
significant reduction of the removal of Bacillus spores (Figure 2). The intact 
filters removed more than 6.9logs of spores (data Report 1). At one broken 
fibre in 2 modules (0,5 broken fibre/module), the spore-removal was reduced 
to 4.0 logs. This is, however, still a very significant removal efficiency. 
The overall average removal efficiency of the intact and impaired UF 
installation are given in table 10. 

Table 9. Calculated log-removal of Bacillus spores with 0,5, 1 and 2 broken fibres per 
module at different flow rates and filtration times. 

Log removal 
0,5 broken fibres per module 

Filtration time 
Flow 5 min 10 min 15 min 
(m3/h) 

mean 
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5.5 3.9 3.7 3.8 
10.5 3.9 3.9 4.0 3.9 
14 3.8 3.9 3.8 3.8 
Mean 3.9 3.9 3.8 3.8 

1 broken fibre per module 
Filtration time 

Flow 5 rrrin 10 rrrin 15min Mean 
(m3/h) 
5.5 4.0 4.1 4.0 4.1 
10.5 4.4 4.1 4.1 4.2 
14 3.9 4.1 3.8 3.9 
Mean 4.1 4.1 4.0 4.1 

2 broken fibres per module 
Filtration time 

Flow 5min 10min 15min Mean 
(m3/h) 
5.5 5.7 5.7 5.7 5.7 
10.5 4.6 5.2 5.1 5.0 
14 5.2 5.9 5.8 5.6 
Mean 5.2 5.6 5.5 5.4 

Table 10. Average log-removal of MS2 phages and Bacillus subtilis spores. 

Condition 

Intact elements 
0.,5 fibres broken/module 
1 fibre broken/ module 
2 fibres broken/ module 

MS2phages 
(log-removal) 

4.7 
3.9 
4.0 
4.3 
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Bacillus spores 
(log-removal) 

> 6.9 
3.8 
4.1 
5.4 
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Figure 1. Removal of M$2 phages in X-Flotv 0.8mm UFC M5 8 inch membranes 
with 0,5, 1 and 2 broken fibres per module at different filtration times. 
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time 
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Log 
removal 
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Figure 2. Removal of Bacillus spores in X-Flaw 0.8mm UFC M5 8 inch membranes 
with 0,5, 1 and 2 broken fibres per module at different filtration times. 

The installation with 2 broken fibres per module yielded a higher removal 
efficiency than with 0,5 or 1 broken fibre per m odule. This was most 
pronounced with the removal efficiency for sp ores, but was also seen with 
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MS2 (fable 10). We have checked and double-checked the sampling, sample 
codes and analysis. The probability that samples were switched or miscoded 
was considered negligible. As the difference was seen at all flow rates and for 
both phages and spores and the counts were dearly above the detection limit, 
this cannot be attributed to systematic or random errors in the microbial 
assays. 
Another option could have been that the flow through the module with 2 
broken fibres was much lower than through the other modules, but the 
hydraulics of the installation make a substantial difference in flow 
improbable (information X-Flow). 

The conclusion from these challenge tests are that: 
• Intact X-Flow UFC M5 0.8 mm modules in the installation tested remove 

>6. 9 logs of Bacillus spores and 4.7logs of MS2 bacteriophages. 
• Impaired integrity of 0.5, 1 or 2 broken fibres per module reduces the 

removal: the minimum observed removal in this study was 3.8logs for 
the Bacillus spores and 3.9logs for MS2 phages. 

• The effect of impaired intergity was most pronounced at the highest flow 
rates, probably because increased TMP's increased the leak rate. 
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I Testing protocol for challenge test X­
Flow UF membranes 

Revised 22/9/2000 and 29/9/00 

Challenge test with intact membrane elements 

Week38 
Check availability of Bacillus spore suspension (10tO) and MS2 phage 
suspension (5 x 1012) 
Prepare and sterilise phage and Bacillus culture media and suspensions 
(minimally for 150 agar plates) 
Prepare minimally 25 sterilised sampling bottles of 1000 millilitres 
Prepare back-up sterilised thiosulphate solution according to NEN 6559 
X-Flow /NMT: preparation, cleaning and checking the membrane 
filtration unit. The system should not contain any compounds in the 
water or membranes that may inactivate micro-organisms, such as free 
chlorine. 

Week 39, Monday 
Prepare 250 ml challenge suspension in sterilised drinking water, 
containing 3 ml phage stock (4.5 x 1012 MS2 phages) and 250 ml challenge 
suspension with Bacillus stock (10to spores). Store at 4C. 
Prepare cooling boxes for cold storage and transport 

Week 39 Tuesday 
Transport of challenge suspensions on ice and sampling and dosing 
materials to X-Flow, Hengelo 
Flush the membrane elements according to the X-Flow start-up 
procedure, without the NaOCl step. 
Mix the spore and phage challenge suspensions 
Start filtration at 10.5 Ill? /h 
After 5 minutes: take four 1000 ml samples (1-4) of the feed and four 1000 
ml samples (5-8) of the permeate. Fill the 1 litre bottles completely, to be 
able to combine the spore and phage sample. Store on ice. 
Connect the challenge suspension to the feed line 
Start dosing the challenge suspension at a rate of 11/h. Using a challenge 
of 15 minutes: 0.25 1 with 9 x 1()12 MS2 phages/litre are dosed into 2.6 m3 
of feed water, leading to an average feed concentration of approx 8.7 x 
1()8 /1, giving a limit of detection of maximally 5.9logs. 
After 5 minutes: first collect 2 samples (9-10) of the permeate and 
subsequently collect 2 samples (11-12) of the feed. Store feed and 
permeate samples in separate cooling boxes to prevent cross­
contamination. 
After 10 minutes, repeat this sampling regime (13-14; 15-16) 
After 15 minutes, repeat it again.(17-18; 19-20) 
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Stop the challenge-dosing, keep the suspension for analysis 
Stop the filtration 
Backwash, chlorinate, dechlorinate and flush according to the X-Flow 
protocol 
Take a sample (21) of the backwash-water during the final flush. The 
backwash operates for only 60 seconds. During this backwash, one 
composite sample will be taken of the backwash water during these 
complete 60 seconds. Store on ice. 

Week 39 Wednesday 
Receipt of samples at Kiwa 
Spike 2 blank permeate (3-4) and 2 blank feed (7-8) and the final 
backwash sample (21) with 100 ul of challenge suspension. Analyse 
directly and after 2 hours of incubation at room temperature. 
Analysis of the samples for Bacillus spores and F-specific RNA phages. 
Work from clean samples (permeates, blanks) via more contaminated 
samples (feed, spikes) to the heavily contaminated samples (challenge 
suspension, backwash water), according to the volumes/ dilutions 
indicated in the table. Analyse the remainder of the challenge 
suspension too. 

Sample Expected MS2 
concentration 

Feed 9 X 105/ml 

Permeate 0/ml 

Blanks 0/ml 
Challenge susp. 5 X 109/ml 

Backwash Approx8x 
10>ml 

Spikes 5 X 1QSjml 

Week 39 Thursday /Friday 
Counting spores or phages 

Analyse in 
duplicate 

1m1F5E4E3 

5 ml, 1 ml, 0.1 
ml 
5ml 
1 m1 E9E8 E7 
E6 
lmlE6E5E4 
E3 
1mlE5E4E3 
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Expected Bac. Analyse in 
Spore duplicate 
concentration 
2 X 104/ml 1mlE3E2El 

EO 
0/ml 1000 ml 

0/ml 1000ml 
109/ml 1 mlE9E8E7 

E6 
10>/ml 1miE5E4E3 

10!/ml 1 miE3E2E1 
EO 
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Challenge tests with broken fibres 

Week39 
Preparation of sampling bottles and culture media as in week 38 
X-Flow /NMT: preparation and flushing of the membrane system 

Week 40, Monday 
Prepare 1250 ml challenge suspension in sterilised drinking water, 
containing 3 ml phage stock (4.5 x 1012 MS2 phages) and 1250 ml 
challenge suspension with Bacillus stock (10to spores). Store at 4C. 
Prepare cooling boxes for cold storage and transport 

Week 40 Tuesday 
Transport of challenge suspensions on ice and sampling and dosing 
materials to X-Flow, Hengelo 
Flush the membrane elements according to the X-Flow start-up 
procedure, without the NaOCl step. 
Mix the spore and phage challenge suspensions 
Start filtrationat5.5m3/h 
Connect the challenge suspension to the feed line 
Start dosing the challenge suspension at a rate of 11/h. Using a challenge 
of 15 minutes: 0.251 with 1.8 x 1012 MS2 phages/litre are dosed into 1.4 m3 
of feed water, leading to an average feed concentration of approx 3 x 
1()! /1, giving a limit of detection of maximally 5.5 logs. 
After 5 minutes: first collect three samples of the permeate from the left, 
right and the mixture of left and right(samples 1-3) and subsequently 
collect a sample of the feed( sample 4). Store feed and permeate samples in 
separate cooling boxes to prevent cross-contamination. 
After 10 minutes, repeat this sampling regime( samples 5-8) 
After 15 minutes, repeat it again.(samples 9-12) 
Increase the feed to 10.5 m3 /h and the dosing to 21/h (feed cone: 3.4 x 
10!). 
Repeat same sampling regime at S(samples 13-16), 10( samples 17-20) and 
15 min( samples 21-24). 
Increase the feed to 14m3/hand the dosing to 41/h (feed conc.5 x 10B) 
Repeat same sampling regime at 5(samples 25-28), 10(samples 29-32) and 
15 min(samples 33-36). 
Stop the challenge-dosing, keep the suspension for analysis 
Stop the filtration 
Backwash, chlorinate, dechlorinate and flush according to the X-Flow 
protocol 

Note: Three elements in series will be fitted in the pressure vessel. From left 
to right or vice versa the order of the elements and interconnectors should be 
the following: Element with 2 broken fibres- closed interconnector- element 
with no broken fibres-open interconnector- element with 1 broken fibre. This 
means in total36 samples will have to be taken. All these samples will be 
analysed in duplo resulting in 72 data. 
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Week 40 Wednesday 
Receipt of samples at Kiwa 
Analysis of the samples for Bacillus spores and F-specific RNA phages. 
Work from clean samples (permeates, blanks) via more contaminated 
samples (feed, spikes) to the heavily contaminated samples (challenge 
suspension, backwash water), according to the volumes/ dilutions 
indicated in the table. 

Sample Expected MS2 
concentration 

Feed 9 x104/ml 

Permeate 0/ml 

Blanks 0/ml 
Challenge susp. 1()9 /ml 

Backwash Approx 1(}ml 

Spikes 10S/ml 

Week 40 Thursday /Friday 
Counting spores or phages 

Analyse in 
duplicate 

1mlF5E4E3 

5 ml, 1 ml, 0.1 
ml 
5ml 
1 mlE9E8E7 
E6 
1mlE6E5E4 
E3 
1mlE5E4E3 
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Expected Bac. Analyse in 
Spore duplicate 
concentration 
2 x 104/ml 1 mlE3E2E1 

EO 
0/ml 1000ml 

0/ml 1000 ml 
109/ml 1m1E9E8E7 

E6 
1(}/ml 1 m1E5E4E3 

1(}1/ml 1 ml E3E2E1 
EO 
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This document derives the way to establish a log removal value (LRV) for aUF membrane 
system with X-Fiow membranes. In order to establish this log removal a number of laboratory 

tests have been performed and data from full scale plants have been used. 

Basis of this document is the "guidance manual for membrane filtration"1 and "Aspects of Hollow 

Fiber Membrane Integrity testing for Regulatory Compliance"2
• References to both documents 

can be found in the document reference list in the front. 

It is Norit's philosophy to use worst case assumptions, when making calculations. This 
should be taken into account when comparing the results of the calculations herein with 
actual results from field tests. 

The document e.g. calculates the number of broken fibers that generate a certain log removal 
(see chapter 1 0). This calculation is based on fibers breaking near the potting. If a fiber is broken 

exactly in the middle of the membrane module, the effect on the log removal is approximately 30 

to 40% when compared to the effect of a fiber defect near the potting. 
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2 Theoretical background 

The LRV is defined as being the following relation: 

LRV
01

r = log( QP ) 

VCF * Qbreach 

Equation 1: Log removal value 

Where: 

LRV01r 
Q p 

Obroach 

VCF 

Log removal Value (Direct Integrity Testing) 

Filtrate flow from membrane unit to be tested 
Flow of water through a breach of integrity 

Volumetric concentration factor, for NORIT systems VCF = 1 

(see document reference 3) 

For the calculations, it is assumed that a defect occurs as a fully cut membrane fiber. Apart from 

fully cut fibers, the occurrence of fiber fai lure can also be associated with a pinhole or small 
crack. A fully cut fiber however simulates the worst case situation. 

The flow of water through a defect consists of the sum of two streams, these streams being the 
individual streams through each section of fiber, as graphically represented below. 

~ 

0,05m 

.,,. 

0,75m 

Figure 2. 1: flow through broken fibers 

1,45 m 

0,75m 

Two cases have been displayed: the first one shows a fiber cut right after the epoxy potting (50 
mm from the entrance of the membrane module), the second one shows a fiber cut in the middle 

of a fiber. 
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The arrows give a graphical representation of the water flows through the defect. Because of the 
shorter path length, the flow through a fiber section of 50 mm is higher than through a fiber 

section of 750 mm., assuming identical fiber failures. Similarly the flow through a fiber section of 
750 mm is higher than the flow through a fiber section of 1450 mm. 

The total defect flow is the sum of the flows through both sections of cut fiber. This document will 
detail two cases: the first one being the case with a fiber cut near the potting, the second one 

with a fiber cut in the middle of a fiber. 

The water flow through the defect can not be measured directly on a full scale UF system. It is 
however possible to measure the air flow through a defect fiber. An empirical relation can be 

established between the water flow and the air flow: 

Q air- defect = ALCR * Q brea<:h 

Equation 2: flow through defective fiber 

Where: 

O air-defecl 

Qbreach 

ALCR 

Airflow through a defect 

Waterflow through a defect 
Air to Liquid Conversion Factor, as described in 1 
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NORIT has tested single fibers at different lengths. Each time five fibers have been tested 
simultaneously. Multiple fibers have been tested in order to increase the accuracy of the 

laboratory testing. These fibers were pressurized with air and with water in two experiments. The 
air flow leaving the fibers was measured by collecting the air in an upside down calibrated 
cylindrical container in a large container of water. The water flow leaving the fibers was 
monitored by collecting the water in a calibrated cylindrical container). 

In order to translate the results into an ALCR the following should be noted: 

1. Pressures applied during water flow (filtration) and during air flow testing will differ from 
each other during operation of a plant. Pressure during water flow is equivalent to the 
actual trans membrane pressure during filtration. Pressure during air flow is the test 
pressure during the airflow testing. 

2. The relationship between airflow and water flow will depend on the actual position of the 
fiber cut. 

3. Only the air flow through the leak has been measured during the laboratory experiments. 
The diffusive airflow through the intact membrane pores has not been measured, since 
this depends on the actual measurement setup. 

Airflow test pressure to be used has to be:2 

1. Less than 80% of the bubble point pressure. The bubble point pressure of the XIGA UF 
membrane (0.0251Jm pore size) is approximately 2,000 kPa = 20 bar. 

2. Below the maximum differential pressure of the membrane. The maximum recommended 
differential pressure during filtration of the membrane is 2.5 bar. 

3. Above the pressure required for detecting a defect of a given size. As stipulated by 
L T2ESWTR the minimum defect size to be identified is 3 !Jm. This corresponds to a 
bubble point pressure of 84.5 kPa = 0.845 bar. See document reference 3. 

From above conditions it can be seen that air test pressure to be applied can vary between 0.845 
bar and 2.5 bar. NOR IT recommends to perform airflow testing at 1.0 bar. 1,0 bar air test 
pressure will be considered in what is to follow. 

The airflow through a fiber of 5 em length and a fiber of 145 em length constitute the total airflow 

through a fiber that is cut at the potting. The total airflow was 468 1/h@ 1 bar of air pressure. By 
comparison, the airflow through a fiber with a cut in the middle, i.e. two parts of 75 em each, is 
only 254 1/h. 
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The same procedure was followed for the water f low. Here the tests were conducted at different 

pressures, to simulate a range of TMP's. 

Water pressure Waterflow (cut at potting) Waterflow (cut in middle) 
[bar] [Uh] [1/h] 

0.1 2.1 0.4 
0.2 3.9 1.1 

0.4 6.8 2.4 
0.8 10.5 4.4 
1.0 11 .5 5.2 

1.3 14.0 6.4 

Table 3-1: water flow through defective fiber 

The experiments show clearly that a fiber cut near the potting of a membrane element (50 & 

1450 mm fiber) has a far worse effect than a cut in the middle of the fiber (750 & 750 mm fiber). 

The worst case situation, a fiber cut near the potting, will be considered in the next 

paragraphs. 
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4 Air to Liquid Conversion Ratio (ALCR) 

The ALCR has been calculated for 1 bar test air pressure, a fiber cut at the potting and is 
represented in the following figure: 

ALCR@ 1 bar air test pressure 

250,0 

200,0 

150,0 

"' <> _, 
<( 

[• Position of Leak 14~ 

100,0 

0,0 ..__--~~--~----.--------~--------1 

0 0,2 0,4 0,6 0,8 1,2 1,4 

Trans membrane pressure during fihration (bar) 

Figure 4.1: Air to Liquid Conversion Ratio versus TMP 

In the graph, the ALCR has been fitted as follows: 

ALCR = 38 914* TMP-{)'1224 

' 
Equation 3: Empirical equation of ALCR versus TMP 
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The diffusive air flow through an intact fiber can not be determined in small scale laboratory 
experiments. The diffusive airflow depends on the actual set up of the membrane units and the 
airflow testing equipment, is therefore site specific. NORIT does have access to several full scale 

plants that utilize airflow testing as integrity test. The typical diffusive airflow for intact membranes 
is in the order of 1 - 2.5 liter per element per hour, when tested at 1 bar. 

For the example as calculated in this document, a value of 2 liters per hour per element will be 
used. This equates to a background diffusive flow of 160 1/hr (half skid) or 320 1/hr (full skid). After 
installation of the membranes an initial reading will be taken of the diffusive airflow on each skid. 

This initial diffusive airflow will be applied to the LRV calculations of each UF skid. 
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6 LRV calculation 

The original formula for the log removal value is: 

LRVDtr = log( QP ) 
VCF * Q breach 

Equation 4: log removal value calculation 

Assuming that: 

• A fiber cut always appears near the potting (worst case scenario) 
• The test pressure during the airflow test is 1,0 bar 
• The volumetric concentration factor VCF is equal to 1. 

The defect flow (water running though the defect) is calculated as follows: 

ALCR = Q air 

Q breoch 

Equation 5: co"elation between air flow and water flow through a breached fibre 

Q 
Q air 

breach= ALCR 

Equation 6: water flow through defective fiber 

Where: 
Oa1r Flow of air flow through the critical breach 

Equation 7: flow of air 

Q oir = Q oir .,onitoretl - Qair- dif!Usive 

Equation 8: flow of air 

Where: 

O air-monitored 

0 air-diffusive 

The actual air flow measured during the airflow testing @ 1 bar 
Diffusive air flow through the membrane modules @ 1 bar 
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With the above equations the waterflow through the defective fiber(s) and the Jog removal can 

be calculated 

Q = Q air-mnnitort'd - Q ozr- dif!usive 

breach 38,914 *TMP-0,1224 

Equation 9: water flow through defective fiber 

LRV = lo Qp * ALCR 
DIT g Q . *VCF 

wr 

Equation 10: Jog removal value 

Where: 
Air to Liquid Conversion Factor, see equation 3. ALCR 

VCF Volumetric concentration factor (equal to 1 for dead end inside out membrane filtration) 

Qp * 38,914 * TMP-{)·7224 
LRV

0 1
r = log ...;o..;_ _______ _ 

Q air- monitorrd - Q air-dijfosive 

Equation 11: log removal value 

Where: 

Qp Permeate flow during filtration [m3/hr) 
TMP Trans membrane pressure during filtration [bar] 

Oalr-monitoredDisplaced water flow during airflow testing [m3/hr] 

Oair-diffusive Diffusive air flow at 1 bar air test pressure [m3/hr] 

From this equation, it can be concluded that the LRV depends on: 

• The amount of modules in a unit, in combination with the filtration flux; 
• The TMP during filtration , and therefore the permeability of the membranes 
• The diffusive airflow of an intact unit 

TBU-GEN-/NT-02-0633 (replaces TBU-GEN-/NT-02-0516) Page 12 of 19 



X-F/owB.V. 
Know-How Centre 

Technical Bulletin 
L T2ESWTR - LRV calculation through direct integrity testing 

7 Control Limits 

A control limit (CL) is defined as a response that, if exceeded, indicates a potential problem with 
system and triggers a response. Multiple control limits can be set at different levels to indicate the 
severity of the problem. 

The L T2ESWTR-mandated control limit is referred to as the upper control limit. This control limit 

is tied into the awarded log removal credit (LRC). The awarded LRC value for X-Fiow XIGA S225 
UFC MS 0.8 mm membranes is 4. 

An additional alert control limit can be set at e.g. a log removal value of 4.3. This can be used as 

an alert value. 

UCL = Qp * ALCR 
lO LRc *VCF 

Equation 12: upper control limit 

Where: 

UCL 
Q p 

ALCR 
LRC 
VCF 

upper control limit in terms of airllow through the integrity breach 
Permeate flow during filtration 
Air to Liquid Conversion Factor, see equation 3 
Log removal credit awarded ( 4 log) 
volumetric concentration factor (1) 

UCL is defined as the airflow through the critical breach. The actual UCL that is being monitored 

can be defined as follows: 

UCLnwnitored = UCL+ QAir-dij]i1sive 

Equation 13: relationship between UCI and UC/ monitored 

By plugging in the correct factors for ALCR, VCF and LRC, this gives the following equation 

= Qp * 38,914 * T.MP-o·1224 + 
UCL,I(Jn/tort'd } Q4 QAir-dfiU.rive 

Equation 14: upper control limit 

Similarly to the upper control limit (alarm level) it is possible to define an alert level for the air flow 

testing. 
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CL = QP * ALCR 
lOLRV *VCF 

Equation 15: control limit 

Where: 
Qp 

ALCR 
LRV 
VCF 

Permeate flow during filtration 
Air to Liquid Conversion Factor, see equation 3 
Log removal value, alert level set at 4.3 log 
volumetric concentration factor (1) 

QP * 38,914 * TMP-{),7224 

CLmonitored = 2,0 * J 04 + QAir- diffo.rive 

Equation 16: alert control limit 
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8 Case study (example) 

To visualize the impact of an integrity breach (as measured by the airflow test), the LRV has 

been calculated as a function of the TMP during operation, assuming: 

• 80 membrane modules tested simultaneously (this represents half a skid of 40 housings 
with 4 modules each) 

• a diffusive airflow (intact system) of 160 1/h (this represents a base line airflow of 21/hr per 
module and is to be verified during commissioning) 

• permeability ranging from 1 00-300 lmh/bar 
• flux 100 lmh (this equates to a filtrate flow of 640 m3/hr per skid or 320 m3/hr per half skid 
• transmembrane pressure 0.3- 0.9 bar 

LRV as a function of airflow 

7,50 .---------------------------------. 

7,00 _ .... --- .... -----------·-----------------.j 

6,50 ·1---1---------------------

)( 6,00 

" ii: 

~ 5,50 
I: 

" 1,) 

@) 
::::: 5,00 

~ 
..J 

4,50 

--------1 

3,50 ·1--------------------~ 

- TMP:0,333 

TMP: 0,500 

--TMP: 1,000 

• • 4.3 log alert condition 

3,00 1------.----------------------.--------1 
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Figure B. 1: total airflow versus log removal 
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The equations in chapter 9 give the correct control limits for alert and for alarm: 

UCL = 320 * 38,914: TMP-o,n 24 + 0,160 = 1,245 * TMP-o,7u4 + 0,16 
10 

Equation 17: upper control limit 

CL = 288 * 38,914* TMP-(),7224 + 0160 = 0 623* TMP-o,m4 + 016 
2 0 * I 04 

' ' ' , 

Equation 18: alert control limit 

Control Limits 

~ r------------------------------------------------------. 
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2500 

:F 2000 
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1 

~ CL4.31og 

- .. .. - ... -- - - .. -

0 ~--------------------------------------------~------~ 
0,3 0,5 0,€ 

Transmembnlne p<essure (bar) 
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Figure 8.2: control limits versus trans membrane pressure at 100% of design flux 

0.8 0,9 

From the graph it can be seen that at different trans membrane pressures, the 4.3 log alert level 

and the 4 log alarm level are reached at different airflow rates. 

At a trans membrane pressure of 0.3 bar (during filtration), the upper control limit for the 

monitored airflow is 31 00 1/hr and the alert control limit is 1650 1/hr. This equates to 6 broken 
fibers (UCL) or 3 broken fibres (CL-alert). 

At increasing trans membrane pressure this value decreases to 1500 1/hr (UCL) and 830 1/hr (CL­

alert) for a trans membrane pressure of 0.9 bar (during filtration). This equates to almost 3 
broken fibres (UCL) and 1.4 broken fibres (CL-alert). 
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Note: the above example describes an integrity test on half aUF rack (40 housings, only two 
membranes per housing being tested). The number of allowable broken fibres per full UF rack 

will be double the amount of allowable broken fibres per half rack. 

If the flux deviates from the design flux (e.g. during periods of reduced output), this influences the 
control limits as well. The below graphs demonstrate the effect of varying trans membrane 
pressure and varying flow on the airflow rate to achieve various control limits. The LRV value is 

varied between 3.5 and 5 log in 0.5 log increments. 

It should be noted that all graphs are based on a base line flow level (diffusive air flow) of 2 1/hr 

per membrane element. 

Air flow control limit for LRV 3.5 
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9000 

8000 
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Figure 8.3: air flow rate versus TMP and Flux for LRC 3.5 
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Air flow control limit for LRV 4 
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Figure 8.4: air now rate versus TMP and Flux for LRC 4 
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Figure 8.5: air now rate versus TMP and Flux for LRC 4.5 
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Air flow control limit for LRV 5 
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Figure 8.6: air flow rate versus TMP and Flux for LRC 5 
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Abbreviation Description 

AIT Airflow Integrity Test 

BP Back Pressure 

lmh Litre/m2.h (membrane flux) 

TMP Trans Membrane Pressure 

UF Ultrafiltration 

VCF Volumetric Concentration Factor 
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1 Introduction 

A simple, reliable and cost effective way of measuring the integrity of hydrophilic Ultrafiltration 
membranes is the airflow integrity test. The test relies on the fact that air below a certain 

pressure, which is called the bubble point pressure, can only pass an intact membrane by means 

of diffusion through the water filled membrane structure. When a fiber failure occurs, i.e. an 
opening bigger than the membrane pores is present in the membrane wall, air is allowed to pass 

the membrane by means of convective flow, on top the diffusive flow through the intact part of the 
membrane. This document addresses the L T2ESWTR requirement that for any direct integrity 
test a 3 J.Jm defect should contribute to the response of the test. It also discusses the 

Concentration Factor (CF) defined within L T2ESWTR, which needs to be incorporated into the 
result of such a test. 

1.1 Bubble point 

For a given fluid , given membrane pore size and constant wetting, the pressure that is needed to 

force an air bubble through a pore is inversely proportional to the size of the pore. This 
relationship is given by Poiseulle's Law (or the Laplace equation): 

4Kacos8 
p /)u/)IJ/epoinl = d + BP max (1) 

Equation 1: Bubble point pressure 

Where: 

K: Shape correction factor or tortuosity of the pore [-] 

o: Surface tension (Nm-1] 

B. Liquid-solid contact angle [1 

d Pore diameter [m] 

BPmax Maximum Backpressure on the system during the test 

K is used to compensate for complex pore structures. For cylindrical pores K=1. 

By applying equation 1, the minimum pressure required to generate convective flow can be 
calculated for any size pore or membrane imperfection. For the NORIT X-Fiow membrane, the 

contact angle 9 is 55 - 60°. A contact angle of 55 ° is considered a conservative value. Therefore 

this calculation uses a contact angle of 55°. 
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The maximum backpressure on the membrane is under worst case conditions (feed side fully 
drained, permeate side fully filled with water) the static height on the permeate side: 3.5 m = 35 
kPa. During the course of the integrity test air will collect at the permeate side and the static 
height difference will decrease. Using a maximum backpressure of 35 kPa is a conservative 
assumption. 

The Surface tension cr for water is a function of temperature. Perry's Chemical Engineering 

Handbook established the following relation between temperature and surface tension: 

Temperature Temperature Surface Tension 
[K] rcJ [Nim] 

273.15 0 0.0755 
275 1.85 0.0753 
280 6.85 0.0748 
285 11 .85 0.0743 
290 16.85 0.0737 
295 21 .85 0.0727 
300 26.85 0.0717 

Table 1-1: surface tension versus temperature 

Typically, the pore shape correction factor for a membrane is significantly less than 1, therefore 

using K=1 is a conservative assumption. Using Pore size and temperature as input variables, 
Equation 1 renders the following graph: 
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Bubble point vs Pore Size and Temp 
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Figure 1-1: Bubble point pressure versus pore size and temperature 

The lowest temperature yields the highest bubble point. As a worst case assumption a 

temperature of 0 Centrigrades is used. This gives the following relationship between pore size 
and bubble point pressure: 

Pore size Pbubblepoint 

[pm] [kPa] 

3 92.4 
5 69.4 
10 52.2 

20 43.6 
50 38.4 
100 36.7 

Table 1-2: bubble point pressure versus pore size at zero centrigrade 

The table shows the minimum required pressure for generating convective flow through a 3 ~m 
defect in the membrane is approximately 92.4 kPa. This means that a 3 ~m defect will contribute 
to the response of a direct integrity test, as stipulated in the Long Term 2 Enhanced Surface 

Water Treatment Rule, provided the test pressure is higher than 92.4 kPa. NORIT typically 
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performs an airflow integrity test at 100 kPa. A 31Jm defect will therefore certainly contribute to 
the test result. 

It should be noted that the above calculation is based on a series of worst case assumptions 
(lowest temperature, highest shape correction factor and lowest membrane contact angle). With 
these worst case assumptions the test pressure to be applied during the airflow integrity test is 

7.5% higher than the minimum test pressure required. This provides an additional safety margin 
of7.5%. 

1.2 Volumetric Concentration Factor (VCF) 

To be able to incorporate the effect of the increase of contaminants on the feed side of a given 

membrane system in the result of a given integrity test, L T2SWTR stipulates a "Volumetric 
Concentration Factor" (VCF). The factor is said to typically range from 1 to 20. The Volumetric 

Concentration Factor is certainly something to be reckoned with, since during the course of a 
filtration run, contaminants will accumulate on the feed side of the membrane, which may have a 
significant effect on the performance of the system after an integrity breach. The extent of this 

phenomenon is however dependant of the system configuration, i.e. outside-in or inside-out. 
NOR IT X-Fiow systems are operated exclusively in dead end inside- out mode. 

1.2.1 Inside-out 

For a "dead end inside-out" system, contaminants are collected and contained in the lumen of 
the fibers. There is no concentration increase on the feed side of a membrane module itself, 
other than on the inside of said fibers. If, for such a system, a single fiber's integrity is impaired, 

the contaminants in this one fiber will be forced through the defect, entering the permeate side. 
This will ONLY happen to the broken fiber, having no affect whatsoever on the remaining intact 
fibers. The contaminants retained within the other fibers cannot and will not be transported to 

this one defect. Therefore, a negligible amount Uust the volume of this one fiber, which is 0,75 
mi.) of contaminants will enter the permeate side, after which, the defect will pass feed water, 

with contaminants at the feed water concentration. 

For an "inside-out" system, it can therefore be concluded that the volumetric concentration factor, 
as discussed in LT2SWTR is "1" at all time. 
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March 14, 2006 

Mr. lngo Blume 

State of California-Health and Human Services· Agericy · 

Department of Health Services 

Technology & Patents Officer 
X-Fiow B.V. 
P.O. Box 739 
7500 AS ENSCHEDE 
The Netherlands 

Dear Mr. Blume: 

ARNOLD SCHWARZENEGGER 
Governor 

RESPONSE TO NOVEMBER 30, 2005 LETTER RE:NORIT X-FLOW SXL-225 
MEMBRANE (COMMERCIAL DESIGNATION UFC M5LE) 

Thank you for your letter in response to our November 4, 2005 conditional letter of 
acceptance. Based on the information provided, the Water Treatment Committee of the 
California Department of Health Services' Drinking Water Program agrees to 
conditionally accept the X-Fiow SXL-225 membrane (commercial designation UFC 
M5LE) as an alternative filtration technology to meet the physical removal requirements 
of the current California Surface Water Treatment Rule (SWTR). 

The X-Fiow SXL-225 Membrane is accepted as an alternative SWTR filtration 
technology uoder California Code of Regulations, Title 22, Division 4, Environmental 
Health Chapter 17, Article 2, Section 64653(f) and can be used in the same housing as 
the previously accepted Norit X-Fiow S225 UF membrane. The pathogen removal 
credits and conditions of operation (maximum flux and TMP) will remain the same. 

Review and approval for the proposed design of any water treatment system proposing 
to use your technology will be handled on a case-by-case basis by the Drinking Water 
Program's individual District offices or local primacy agencies. Since the Drinking Water 
Program's District Engineers are responsible for evaluating the source water quality to 
be treated and issuing an operating permit, they will set the overall removal and 
inactivation requirements for a given installation. Design engineers proposing to use 
your alternative filtration technology should be aware that the minimum log removal 
requirements established by the SWTR are to be met using multiple treatment barriers. 
Your technology is recognized as being one component of this multiple barrier. 

Drinking Water Technical Programs Branch, 850 Marina Bay Parkway, Bldg P, 2nd Floor, Richmond, CA, 94804-1011 
(510) 620-3474 FAX (510) 620-3455 

DHS Internet Address: www.dhs.ca.gov Program Internet Address: WW'I't.dhs.ca.gov/ps/ddwem 
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Approval for the use of your technology in any drinking water application is granted 
through the domestic water supply permitting process. 

Also, please be aware that the WTC would prefer to see the "Rank and Percentile" plot 
in future reports, as opposed to the "probability output" from the regression analysis. 
Based on your examples, the "normal probability plor used in your report is a 
regression or best fit of the data to a normal distribution and is not the preferred method 
for presenting the data. From what we can ascertain, from the limited documentation 
provided, the normal probability distribution places the log removal data at the percentile 
determined from the linear regression, after the data has been fit to a normal 
distribution. With a greater number of samples, the difference in the percentile 
associated with the last log removal data point, between the rank and percentile vs. 
regression analysis, would probably have been gone unnoticed. 

In future correspondence it would be helpful if you would include the values, such as 
mean and median, that are being discussed. The regression statistics (correlation 
coefficient) are very low, which indicates the linear model is not a good fit. This would 
appear to contradict your argument for a linear or "normal" distribution. There are other 
statistical methods of evaluating normality, such as skewness and kurtosis. 

Fortu·nately, neither of the preceding issues is critical to the conditional acceptance of 
your product because the log removal (at the 9 th percentile) exceeds the maximum log 
removal credit (4.0) by 0.9 log. Rounding the performance from 4.9 to the nearest 
(lower) Y2 log removal (4.5) or extrapolating the "rank and percentile" data distribution, 
by eye, to the 51

h percentile, would still result in a log removal credit above the maximum 
allowed log removal credit (4.0). This may not always be the case and future product 
evaluations, should consider increasing the number of test runs (pathogen challenges) 
in order to avoid having your last data point be so close to the 51

h percentile. The more 
immediate impact will be that this data set will not allow us to increase the log removal 
credit of your membrane without additional data. 

Thank you for the opportunity to evaluate this new membrane. Should you have any 
questions regarding the content of this letter, please feel free to contact me at (51 0) 
620-3499. 

Very truly yours, 

Richard H. Sakaji, PhD, PE 
Senior Sanitary Engineer 

cc: WT Committee 
chron 
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Mr. Howard Johnson 
North American Marketing Mgr. 
1592 Bramblewood Dr. 
Solon, lA 52333 

Mr. John Minnery 
MF/UF Product Mgr. 
GE lonics, Inc. 
65 Grove St. 
Watertown, MA 02472-2882 
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Customer Michael Proposal nurber 08-61-0 
c- WIIW..ou'te Surfi!a ~J.!l~ 

~ Project 1.1 MLD MBR Polishing Design case 2 PREUMINARY Design based on Feed supply 
-

De'"..criptloo Assumptions UF feed water quaity: 
Units Metric 

Ratio Turbidty: TSS = 1:1 & NTU = < 0.5 after pre-screenng; pH = 7.8; 
Temperature = 20°C; Total alkali1ity = 100 mg/1 CaC03; 

Caplldty 1. I MlD 
Total Fe < 0.1 mg/1; Total Mn < 0.1 mg/1; Ammonia < 2 mg/1 after 
chklramnation; 
Phosphate < 1 mg/1; Oi & Grease < 0.5 mg/1; Total Organic Carbon (TOC) < 1 Water charactenstic:s 
mg/1; 
B10bgical Oxygen Demand (BOD) < 1 mg/1; Chemical Oxygen Demand (COD)< Tlrbdty 0.5 NTU 

1 mg/1 Tenperahrr 20 oc 

General comments to projection: 
- UF feed water must be pre-screened with (automatic backwashable) straner ( < 
200 ~m). 

Design Info 
- 100% safety margn on projected coagulant dosng pump capad:y is requred. 
- 50% safety margn on projected CEB dosng pump capacties is requred. Rewlon 1 

- CEB acid cone. based on reachng pH 2, subject to feed water quality (pH, 
R~dall! 16/01/2009 

akai-lty, etc ... ) 
- CEB caustic cone. based on reachng pH 12, subject to feed water qualy (pH, ~by mzler2 

akai-lty, etc ... ) Apjra'mlby I - CEB chlome cone. subject to feed water qualy (TOC, ammonia, etc ... ) 
- Coagulant cone. subject to feed water quaty (TSS, TOC, etc. .. ) and exdJdes 
preq,tation of phosphate . 

• 
lrp.Jt parameters 1 DesiOn Pl!r.vneters 

Concentate Total concentrete flow 2.S mJ/11 
Coagulant 
(g Metalll) r.•ax. feed ccncenlri1Jon 050 mgiJellll/1 

Typical fee<! conce<~lrltion 050 mg l'ellll/1 

AICH Typical consu1111tlon 3 362 Vday 
1 Oasing PU111!(S) Q 0 147 1/h 

Feed 

Average feed now 46.2 m3/h 
1 Feed pump(s) C 48.6 m3/h 

Plant configuration 
Number of unis 
Number of hoU$ings 4 perlrit 
Humber of etemenls 4 per housing 

To:al elemen'.s 16 
Tcrtal ~e area 6400 m' 
Spare housings 0 perl.rit 

Plant settings 
Gross filtration flux 76.0 Vm'lh 

Filtration time so 0 min 
CEB 1 counter 22.0 Filtrations 
CEB 2 counter 0.0 CEB 1 
Average CEB interv~l 19.3 h 

Plant specific calculations 
Net fillnllion f\Jx 684 Vm'lh 
Recovery 94.7 " Comment 

Add CIB 0 pH=i, Catmic CIB 0 pH=12 

Program version 
13.4 

X-F I 0 W Cles9led by: miler2 Approve:! by: Pmted by: riler2 

Average backwash tlow 
Avera~ CEB 1 ftow 
Average CfB 2 flow 

Permeate buffer 

2.1 m3lh 
03 m3lh 
0 m3lh 

tJet production flow 43.8 m3/ll 

Chemlcal 1 (g~} 

Consu11'9!10n 2_20 V<lay 
Dosing now 106 ~'h 

Chemical 2 [gil] 

Conantr11tlon 200 mg~ 

Consumption 2.40 Vday 
Oos.,g flow 116 Vh Chemical 3 (gil) 

Concerltrlltion 575 mg~ 

Collsul1l!bon 3 59 Vday 
Dos.,g tlow 173 ~'II 

Concentration 890 mg,4 

Version DBWS Version DBSS 
13.005 13.008 

1

1.1 flt.D t<llR Polishing • 08.01.0 

1lis software is for ilformatlon PIS))OS>eS only. Membr- or sysll!m perfcrmence W!lrTIInlees are neilhe-~~nor implied by tt1s • 

leading in purification 



Plant speciftcations: DHign Proc=; set!l'lgs I CEB settings • Cl'lemlca ~ 
Mesrbnw~ type l 0.8 11111 ( '10 m >) .., 

Primary sdtings Ba~~ttlngs 

Desovtlon User Advise Lnt ~ User Advise Lnt Desovtlon User Ad-lise U1rt 
> 

Nll11le: of l.l'its 1 1 - Filration F\ix 76.0 95.0 ljm>, Backwash f\nc 2.50 2.50 l(m>, 

Hcusl"lOS 4 8 -~ Filtration !lucttion 50.0 60.0 fiWl Badaotm Ou-ation 3S 3S sec 
Elements 4 2 Housng CEBl A lRll: TRI.I: - Dead time 3S 35 sec 

Total meror- area 6'10 640 m• 
!I 

CEB1B lRll: lRll: . Ramp up/down time 8.0 8.0 sec 

Total nurrber of elements 16 'E ~ 

CEB 2A FALSE FALSE Stzwt condtion 85 85 ~.sv . -
Spare hoo..tsngs 0 '(o Uri I 

. 
CEB2B FALSE FALSE . 

CEB 1 Coun!e' 22 35 Flltr. Coagulant settings 

CEB 2Counte- 0 0 CEB1 
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1. Executive Summary 

• Commercially produced modular low pressure high output (LPHO) ultraviolet (UV) disinfection 
reactors were validated to establish the reduction equivalent dose (RED) for a range of water flow 
rates and water UV transmissivity (UVf) levels. 

• A key design feature of the reactors is that lamps are not directly contacted by the water which 
reduces fouling and simplifies maintenance. To achieve this, reactors allow water to pass through a 
flow tube surrounded by UV lamps. 

• The reactors are modular - once one flow tube has been validated it is possible to arrange multiple 
flow tubes in series and in parallel to allow scale up against the validated reactor performance. 

• Two contemporary guideline documents were considered in undertaking the validation: 

o United States Environmental Protection Agency Ultraviolet Disinfection Guidance Manual for 
the Final Long Term 2 Enhanced Surface Water Treatment Rule (2006) (the UVDGM 
method). The UVDGM is aimed at high uvr drinking water for regulated US water supplies. 

o National Water Research Institute and American Water Works Association Ultraviolet 
Disinfection Guidelines for Drinking Water and Water Reuse, Second Edition (2003) (the 
NWRI method). The NWRI document is aimed at potable water and reuse applications. 

• Two different sizes of reactor were validated: 

o 89 mm diameter flow tube; and 

o 60 mm diameter tube. 

• Three flow rates were used for each reactor to cover the desired validated range: 

o Approximately 2, 4 and 8 Lfs for the 89 mm reactor; and 

o Approximately 1, 2 and 4 L/s for the 60 mm reactor 

• Two different water types were used to cover the range of applications anticipated: 

o Municipal wastewater conventionally treated by activated sludge and clarification; and 

o Municipal tap water conventionally treated by coag-floc-sed-tiltration and chlorination. 

• For each water type, three uvr levels were considered to cover the desired validated range: 

o Approximately 60, 80 and 90% for potable water; and 

o Approximately 40, 50 and 60% for wastewater. 

• Two different reactor arrangements were validated to cover scale-up arrangements: 

o One-stage reactor consisting of one flow tube; and 

o Two-stage reactor consisting of two flow tubes in series. 

• Collimated beam testing (CBT) was undertaken to establish the UV dose-response relationship for a 
sub-sample from a preparation of MS2 FRNA bacteriophage (MS2) in water and wastewater. 

• Biodosimetry was performed using a second sub-sample of the same MS2 preparation whereby the 
difference between the concentrations of MS2 in the influent water entering, and effluent water 
leaving, the reactors was used to calculate the reduction equivalent dose (RED) using the dose­
response relationship derived in the CBT testing. 

• Equations and nomograms (look-up plots) were developed that allow the calculation of the RED 
that has been demonstrated for each reactor within the tested range of flow rates and uvr. 

• This report summarises the studies and presents specific RED values and pathogen inactivation 
credits for particular reactor design and describes how to use equations and nomograms on a case­
by-case basis for specific reactor applications in their regulatory contexts. 
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2. Introduction 

2.1. UV disinfection system validation 
UV disinfection is rapidly increasing in its popularity for potable water and recycled water disinfection. 
Key features of UV disinfection are its ability to readily inactivate protozoan pathogens that are resistant 
to chlorine and chloramine, as well as the avoidance of disinfection by-product formation which is an 
issue with oxidant disinfectants. 

One complication of UV reactors is that the disinfection dose cannot be measured simply in the way 
that, for instance, chlorine is assayed on-line after a defined contact time. Therefore, a range of 
guidance documents have been developed to help set out methods for validating UV reactors. The 
validation process involves using microbial challenge testing to establish the dose of the UV reactor, and 
then operating the UV reactor within the conditions proven during the challenge testing. 

2.2. Overview of methodology 
This report presents the key results arising from a challenge test performed during September 2007 on 
a commercially available UV reactor design. The reactor had been validated previously (during 2003 and 
2004) but since that time, new guidelines and industry practices have necessitated an updated 
validation. For example, UV intensity sensors were not installed during the previous validation and these 
are required for conformity with some guidance documents. 

To provide a validation to meet regulatory requirements in US high UV transmissivitiy (UVT) potable 
water applications, the United States Environmental Protection Agency Ultraviolet Disinfection Guidance 
Manual for the Final Long Term 2 Enhanced Surface Water Treatment Rule (2006) (the UVDGM 
method) was used. 

The UVDGM document formed the dominant guidance manual adopted in this validation, defining 
considerations such as validation design, interpretation and quality assurance and quality control 
criteria. The UVDGM is specifically tailored to high UVT drinking water supply applications. 

To provide a validation for low UVT applications, particularly in relation to wastewater, the National 
Water Research Institute and American Water Works Association Ultraviolet Disinfection Guidelines for 
Drinking Water and Water Reuse, Second Edition (2003) (the NWRI method) was also used. 

The NWRI and UVDGM are not mutually exclusive and have much in common. Both methods employ 
collimated beam testing (CBT) to establish does-response relationships between UV dose and challenge 
microorganism inactivation. Both methods then use biodosimetry whereby the challenge 
microorganism, once characterised by the CBT, is dosed into the reactor. The challenge microorganism 
is then assayed on both the influent and effluent to establish the degree of inactivation and, thereby, 
the reduction equivalent dose (RED) achieved. The methods differ in how the statistical analysis of the 
data is undertaken. 

2.3. Validation program participants 
The Australian Water Quality Centre (AWQC) is wholly owned by the South Australian Water 
Corporation which is in turned wholly owned by the State Government of South Australia. The AWQC, 
based in Adelaide, is uniquely experienced within Australia in CBT and biodosimetry. The AWQC 
undertook the microbial aspects of the validation, as well as advising on engineering and general water 
quality aspects. The AWQC staff involved were PhD qualified, experienced water microbiologists with 
the work being undertaken in Australia's premier water research laboratory facilities. 

Orica Watercare is a major supplier of water treatment chemicals and specialist water treatment 
systems worldwide. Orica is working in partnership with Enaqua and UVTA to supply customers with a 
novel non-contact UV disinfection system. Orica worked with these partners to manufacture a test rig 
which was supplied to the test site in Adelaide where the validation studies were performed. 

By Water Futures for Orica, 2008. Confidential Page 8 of 50 



Ultraviolet Disinfection System Validation Report. Report Version 8. 

Water Futures pty Ltd is a specialist water science and engineering consultancy, independent of any 
other parties involved. The specialists involved in this work included a PhD water microbiologist, a 
chemical engineer with PhD in water chemistry and a masters-qualified accredited statistician. Water 
Futures pty Ltd provided independent 'third party oversight' (as recommended under UVDGM at section 
5.2.3, page 5-6). Water Futures pty Ltd provided independent oversight of the design and independent 
review and analysis of the data obtained. This document represents that independent validation report. 

2.4. Key features of the validation program 
The approach adopted in undertaking this validation was conservative in several respects. Therefore, 
any conclusions drawn from the data presented in this report will be highly conservative and reliable in 
terms of public health protection. Examples of key features of conservatism in the assessment include 
the following: 

• The statistical methods adopted by the NWRI and UVDGM are both conservative by design, 
introducing a range of safety factors in the RED values predicted upon analysing the data. The 
methods use lower bound confidence estimates for all statistics to ensure that the estimated RED 
values provided for any given reactor design are conservative. 

• Aged lamps, at around 8,000 hours, were used throughout the experiments, representing the low 
end of the range of UV doses that the reactors would achieve under the test conditions. 

• In full-scale reactors, flow tubes would either be surrounded by reflective stainless steel walls, or by 
additional lamps illuminating adjacent flow tubes. However, in the test rig, the flow tubes were 
surrounded by blackened walls (Figure 2-1). 

• The assumptions about pathogen log inactivation credits use worst-case pathogens to assign those 
credits. For instance, inactivation rates estimated for viruses were based on highly resistant 
adenoviruses. This means that the actual log inactivation rates for other types of virus would be 
greater than the conservative default values. 

Figure 2-1. Close up of UV reactor test rig illustrating the black plastic on the internal surfaces. 
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2.5. Overview of Validation Approach 
The validation approach involved three steps (Figure 2-2): 

1. Part A: Establishing the UV sensitivity of a challenge microorganism in a collimated beam testing 
(CBT) apparatus. Part B: At the same time, dosing UV reactors with the challenge microorganism 
and measuring the influent and effluent concentrations. 

2. Calculating the UV dose applied to the challenge microorganism in the UV reactors using the UV 
dose sensitivity of the challenge microorganism and the degree of inactivation measured in the 
UV reactors. This gives the reduction equivalent dose (RED) for the challenge microorganism. 

3. Adjust for uncertainties to convert the RED into pathogen inactivation estimates. 

Step 1. Experimental Testing Using a Challenge Microorganism· 

1a: Bench Scale Testing 

:\\\~ : 
:\\\\ :+-Collimated W rays 

.. .!~1 __ _ 
{>-~~~~S..Petri dish with challenge 
~ miCI'OOfganism 

Measure the log inactivation for different 
UV doses to develop a UV dose· 
response curve: 

Log i.uactivation 

! 

1b: Full-Scale Reactor Testing 

MeasureW 
Inject chaDenge intensity with 
microorganism a W sensor. 

' 
: ~ ~)\ 

I ' J uv Reactor r 
Measu~fluent Measure effluent 

microorganism 
flow rate, UVT, and concentration, 
microorganism compare to inftuent to 
concentration calculate the log 

Inactivation 

Step 2. Determine the Reduction Equivalent Dose (RED) 

Input the log inactivation from Step 1b into the dose-response CtJrve from Step 
1a to estimate RED. 

UVdose .(--~-------
(m1/cm2) ~ 

I 

-.. 

"'-.Dose-response curve 
( from step la) 

Log inactivation (from step lb) 

l 
Step 3. Adjust for Uncertainty to Calculate 

the Validated Dose 

Validated Dose= RED I VF 

Whe/8 VF = Vs/kJstion Factor thst sccounts for biases and 
experimental uncertainty. 

Figure 2-2. Extract from the UVDGM (Figure 5.1 , page 5-4) 
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3. Test rig specifications 

3. 1. General details 
General information on the validation undertaken in given in Table 3-1 based on information provided 
by Enaqua, Orica and Australian Water Quality Centre. 

The test rig involved three flow tubes in parallel being held in two rigs in series. A 60 mm and 89 mm 
rig were both assembled. A feed tank was used to supply water via pumps into the rig. Illustrated in 
Figure 3-2 and Figure 3-3 are illustrations of the test rig as used. 

Table 3-1. General information. 

Item 

Type 

Location 

Period 

Reactor type 

Dosing tank 

Inlet piping 

Outlet piping 

Flow rate control 

Mixing chamber 

Mixing in reactor 

Cooling 

Sample ports 

UV absorbing material 

Row meter 

UV spectrophotometer 

Power measurement 

UV sensors 

Project commissioner 

Test rig construction 

Biodosimeby and 
collimated beam testing 

Independent oversight 

By Water Futures for Orica, 2008. 

Details 

Off site validation in test rig 

UVTA warehouse, Le...,is Road, Glynde, Adelaide, South Australia, Australia 

September 2007 

AFPr"' 840 non-contact UV reactor 

8,000 L plastic tanks 

Straight inlet 

Straight inlet 

ABS Ball Valve 

Mixing took place in the dosing tank 

Mixing induced throug1 flow tube convergence at fixed points. Smooth tube surface 
minimises turbulent boundary layer. Assumption of uniform turbulent plug flow with 
narrow residence time distribution. 

External cooling system 

Inline taps 

International Roast"• Coffee 

ABB MagMaster 

Shimadzu UV-1201 

Fixed output 

CLREX NSL5510 

Georgie O'Dwyer of Orica Watercare 

Bob Arnold of UVTA and Orica Watercare 

Dr Paul Manis and Dr Alexandra Keegan of the Australian Water Quality Centre, an 
operating arm of the South Australian Water Corporation which is in turn a State­
owned Corporation of the Government of South Australia 

Dr Daniel Deere, Water Futures pty Ltd, independent consulting water scientist 
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3.2. Lamp specifications 
Enaqua supplied information on lamp specifications and these are summarised in Table 3-2. 

Table 3-2. Lamp specifications. 

Item Details 

Type XUV64 Germicidal UV, Low Pressure, High Output, Non-Amalgam Type, Mercury 
Vapor 

Manufacturer Enaqua 

Part No 001.0619055 

Nominal Power 145 Watts (155 W lamps) 
Consumption 

Nominal UV254nm Output 45 Watts Min {53 Watts at 253.7 nm maximum at 100 hours operation) 

Nominal Efficiency 32% 

Nommal Operating Current 800 mA 

Lamp Operating Voltage 220 VAC 

cathode Type Hot 

Nominal UV Intensity at 1 400 mJ/cm1 at 1 meter 
Meter 

Connection Single ended Multi-pin 

Nominal Arc Length 1473 mm 

Nominal Length 1558 {+/- 3) mm base face to base face, 1565 mm base face to opposite pin 

Nominal Quartz Diameter 15 mm 

Ozone Production No measurable amount of ozone 

Construction Quartz (hard glass) with a nominal UV transmission of 90% UV light at 254 nm 

UV lamp base either ceramic or CERAP" metal ceramic 

Nominal rated life 10,000 hours (85% of initial output) 

Spectral output new Low pressure germicidal wavelength 

Spectral output aged Low pressure germicidal wavelength 

Mercury content > 100 mg 

Arrangement Unit A: 2 x parallel Series 35 AFP840TM units each with 2 x lamp stages (banks) in 
series with CL lamp spacing 

Lamp age 

By Water Fullires for Orica, 2008 

Unit B: 2 x parallel Series 23 AFP840"' units each with 2 x lamp stages (banks) in 
series with CL lamp spacing 

New lamps: ~ 140 hours; ~ 200 hours (used for control) 

Aged lamps: ~ 8,000 hours (used for main experiment) 
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3.3. Flow tube sleeve specifications 
Enaqua supplied information on specifications on the flow tubes through which water flows whilst being 
disinfected and these are summarised in Table 3-3. 

Table 3-3. Flow tube sleeve specifications. 

Item 

Sleeve material 

UV transmittance at 254 
nm 

Diameter 

Details 

Plastic Activated Fluoropolymer AfPT"' 840, low surface charge, non-wetting polymer 

UV transparent: No significant loss of UV transmission over time 

60mm 

89 mm 

3.4. Microbial challenge test organism specifications 
The Australian Water Quality Centre supplied information on the microbial challenge test organism used 
and this is summarised in Table 3-4. MS2 plaques are illustrated in Figure 3-2. 

Table 3-4. Microbial challenge test organism. 

Item Details 

Challenge organism MS2 FRNA coliphage ATCC 15597-Bl 

Host E. coli ATCC 700891-8 

Media As per App D UVDGM except Broth 271 used rather than TSA for host strain 

Diluent and blank 1 x phosphate buffered sahne 

Figure 3-1. Example of MS2 phage plaques (courtesy Dr Alexandra Keegan, AWQC). Plaques are 
lysed bacteria in a " bacterial lawn" with each plaque being a plaque forming unit (PFU). 
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3.5. Collimated beam testing apparatus specifications 
The Australian Water Quality Centre supplied information on the collimated beam testing apparatus and 
this is summarised in Table 3-5. 

Table 3-5. Collimated beam testing apparatus specifications. 

Item Details 

Lamp type Low pressure 

Distance from light source 5 em 
to sample surface 

Radiometer make and International light IL 1400A single UV lamp and ballast 
model 

Petri Factor 0.794 +/-0.02 

Volume of test suspension 5 +/- 0.1 ml 

3.6. Wastewater 
Wastewater was sourced from the Heathfield Wastewater Treatment Plant in South Australia and had 
been treated by primary and secondary process (screening, silt and grit removal, primary settling, 
conventional activated sludge followed by sedimentation; with no filtration or disinfection). Typical 
analysis of the wastewater quality is given in 

Table 3-6. 

Table 3-6. Typical wastewater quality analysis 

Analyte 

Aluminum 

Ammonia as N 

Bicarbonate 

Conductivity 

Free Chlorine 

Iron 

Nitrate + Nitrite as N 

Nitrate as Nitrogen 

Nitrite as Nitrogen 

pH 

Total Phosphorus asP 

Suspended Solids 

TKN as N 

TDS 

3. 7. Drinking water 

Concentration 

0.2 mgfl 

0.2mgfl 

123.7 mgll 

837.8 tJS/cm 

Not detected 

078 mg/L 

7.5mgfl 

7.3 mgll 

0.1 mg/L 

7 1 

30mg/L 

8.8mgfl 

8.1 mg/L 

461 mg/L 

Drinking water was sourced from an urban reticulation system tap in Adelaide, South Australia and had 
been treated by conventional filtration and disinfection (alum coagulation, flocculation, setting and dual 
media filtration following by chlorine disinfection). Sodium thiosulphate was used to quench any 
residual chlorine present in water at the time of analysis. 
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Figure 3-3. Photograph of test rig (top) and reactor chamber with lid removed (bottom). 
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4. Experimental Design 

4.1. Control approach 
The reactor control strategy was Calculated Dose allowing both UV intensity and flow rate to vary. 
Lamp power was fixed and was not a variable with the reactor design. The purpose of the validation 
was to relate a calculated dose that would be predicted as the output of an algorithm that took UV 
intensity, UV transmissivity and flow rate as inputs. The reactor was set up as two stages in series. The 
first and second stages each contained independent lamp banks. There were three sampling points: the 
effluent samples from the first stage of lamp banks represented the influent samples for the second 
stage. 

For operational control, the parameters flow, UV intensity and UV transmissivity can be used. For 
design of reactors, UVT and flow can be used alone. Therefore, two sets of control equations were 
derived, with those to be used for design being defined here as design equations. 

4.2. Validated dynamic range tested 
The dynamic range of conditions tested, within which the calculated dose algorithm is validated, are 
given in Table 4-1. Note that there is some conservatism in relation to lamp age and the blackening of 
the internal walls of the reactor. 

Table 4-1. Validated dynamic range of parameters tested 

Item Conditions tested 

Water types Conventionally treated drinking water 

Conventionally treated wastewater 

UVT for water 61.2, 80.9 and 91.3% 

UVT for 40.3, 49.8 and 62.5% 
wastewater 

Flow tube 60mm 
diameters 

89mm 

Flow rate per 1.1, 2.3 and 4.2 L/s 
tube for 60 
mm 

Flow rate per 2.2, 4.4 and 8.1 L/s 
tube for 89 
mm 

Lamp failure All lamps on 

Conservative Aged lamps all over 8,000 hours 
lamp safety 
factor 

Conservative Blackened inside walls 
wall safety 
factor 

By Water Futures for Orica, 2008. 

Range validated 

Water 

Wastewater 

61.2 to 91.3% 

The water UVT range would apply to high UVT 
tertiary filtered wastewater. 

40.3 to 62.5% 

The water UVT range would apply to high UVT 
tertiary filtered wastewater. 

60mm 

89mm 

1.1 to 4.2 L/s 

2.2 to 8.1 L/S 

All lamps on 

Average lamp age of up to 8,000 hours 

Stainless steel clean, unclean or blackened 
inside walls 
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5. Collimated beam testing results 

5. 1. Observations 
Collimated beam testing was undertaken on each water type on each day of experimentation in 
accordance with UVDGM protocols. Collimated beam tests were undertaken on each day of testing at 0, 
20, 40, 60, 80 and 100 mJ/cm2

• Over the three days of testing, three uvr values were tested: 90, 80 
and 60% for potable water and 60, 50 and 40% for wastewater. The results of the collimated beam 
testing are given in Table 5-1. 

Table 5·1. Log N (log10 MS2 coliphage pfu/ml) for collimated beam test data. 

Potable Potable Potable Wastewater Wastewater Wastewater 
Dose applied 90% UVT 80% UVT 60% UVT 60% UVT 50% UVT 40% UVT 

(mJ/cm2
} lo91o ~fu/ml IOIJ1o ~fu/ml los1o ~fu/ml IOIJ1o ~fu/ml loa1o ~fu/ml loa1o ~fu/ml 

0 560 5.90 5.78 4.90 5.51 6.23 
20 474 4.53 486 3.42 4.38 5.16 
40 3.78 3.90 3.60 NO* 3.58 426 
60 2.91 2.81 2 97 2.68 2.83 3.37 
80 2.11 1.95 2.46 1.78 2.00 2.81 

100 1.48 1.60 2.92 1.00 1.00 2.18 
*None detected. Note that this does not affect the validity of the results since the regression equation uses the remaining five points 

5.2. UVDGM Analysis 

5.2.1. UVDGM regression analysis of observations 
Regression analysis with removal of terms that were not significant was used to derive the dose­
response equations given in Table S-2. The dose-response equations were used to predict values for 
log N0 • Note that some linear and some quadratic equations were used to describe the observed data, 
the equations used being those that had all significant terms. 

Table 5·2. Best-fitting equations describing the collimated beam test data. 

Water type 
(UVT) 

Potable (90%) 

Potable (80%) 

Potable (60%) 

Wastewater 
(60%) 

Wastewater 
(50%) 

Wastewater 
(40%) 

Form 

Quadratic 

Quadratic 

Unear 

Quadratic 

Quadratic 

Unear 

Quadratic 

Unear 

Quadratic 

*Log1o MS2 concentration. 

Equation for Log N* as a function of 
applied UV dose 

LogN = 0.00008 x Dose2- 0.04993 x Dose+ 5.640 

logN = 0 00019 x Dose2- 0.06199 X Dose+ 5.864 

LogN =- 0.0433 x Dose+ 5.615 

logN = 0.000442 x DoseL 0.0758 X Dose + 5 935 

LogN = 0.00005 x Dose2 - 0.0404 x Dcse + 4.658 

LogN =-0.0356 x Dose + 4.607 

LogN = 0.00002 x Dose2- 0.0459 x Dose + 5.4225 

LogN = - 0.0435 x Dose + 5.391 

LogN = 0.00016 x Dose2- 0.0562 x Dose+ 6 2271 

'*Log1o MS2 for the no dose condition predicted by the best-fitting model as used . 
... The terms that were not significant could be removed from the equation to simplify it. 
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R2 Significant Used **No 
terms-** 

0.99 All Yes 5.64 

0.99 Not Dose2 No N/A 
(p=0.0916) 

0.99 All Yes 5.62 

0.98 All Yes 5.94 

0.96 Not Dose & Dose2 No 
(p=0.177 & 0.824) 

N/A 

0.96 All 

0.99 Not Dose2 
(p=0.6778) 

0.99 All 

0.99 All 

Yes 

No 

Yes 

Yes 

4.61 

N/A 

5.39 

6.23 
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5.2.2. UVDGM dose-response relationships 
Using the N0 values given in Table 5-2, log inactivation values were generated from the observed 
collimated beam test data as shown in Table 5-3. The position of the mean UV dose-response curve for 
the MS2 phage stock solution used lay within the expected range recommended by the UVDGM (the 95-
percent prediction interval), as shown in Figure 5-1. 

From the data shown in Table 5-3, dose-response relationships were determined using regression for 
both potable water and wastewater at the three different UVT levels tested and these equations are 
shown in Table 5-4. 

The best-fitting relationships for the three potable water UVT levels were not significantly different from 
one another and were combined to provide a single relationship. The best-fitting relationships for the 
three wastewater UVT levels were significantly different from one another were not combined. 
Therefore, a total of four dose-response relationships were carried forward for use in the biodosimetry. 
Each relationship was constrained by a zero intercept 

Table 5-3. Log I (log10 N0/N) MS2 coliphage pfu/ml for collimated beam test data. 

Potable Potable Potable Wastewater Wastewater Wastewater 
Dose applied 90% UVT 80% UVT 60% UVT 60% UVT 50% UVT 40% UVT 

(mJ/cm2
) log1o pfu/ml lo91o pfu/ml l091o pfu/ml log1o pfu/ml lo91o pfu/ml lo91o pfu/ml 

0 0.04 -0.29 0.16 -0.29 -0.12 -0.00 

20 0.90 1.09 1.08 1.19 1.01 1.07 

40 1.86 1.72 2.34 NO* 1.81 1.97 

60 2.73 2.81 2.97 1.93 2.57 2.86 

80 3.53 3.67 3.48 2.83 3.39 3.42 

100 4.16 4.02 3.02 3.61 4.39 4.05 

*None detected. Note that this does not affect the validity of the results since the regression equation uses the remaining five points. 

Table 5-4. Best-fitting dose-response relationships derived from the collimated beam test data. 

Water type (UVT) Form Equation for RED* as a function of Log I** R2 Significant terms 

Potable (combined) Linear REO = 23.226 x logl 0.98 All 

Wastewater (60%) Linear REO= 27.703 x logl 0.99 All 

Wastewater (50%) Linear REO = 22.968 x logl 0.99 All 

Wastewater (40%) Linear REO = 23.033 x logl 0.99 All 

*Reduction Equivalent UV Dose for MS2; .. Log1o MS2 inactivation calculated as Log (No/N) at a particular dose. 

5.2.3. UVDGM uncertainty in dose-response (UDR) 
The predicted dose-response relationships from the equations given in Table 5-4 were compared with 
the observed data given in Table 5-l. Using the UVDGM equation B.7 the uncertainty for the dose­
response relationships (UDR) are given in Table 5-5 for 1 log inactivation. Since all UDR values were > 
30%, UDR was included in the uncertainty in validation (UVAL) term. Individual UDR values could be 
used for defining specific reactor log credits for tight operating ranges. 
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Table 5-6. -Log10 (N/N0) MS2 coliphage pfu/ml for collimated beam test data. 

Dose applied (mJ/cm2
) Potable (log1o pfu/ml) Wastewater (log1o pfu/ml) 

20 1.05 1.23 

40 2.00 1.63 

60 2.86 2.59 

80 3.58 3.35 

100 3.76 4.16 

Table 5-7. Best-fitting dose-response relationships derived from the collimated beam test data. 

Water type Form Equation for RED* as a function of Log I** R2 Significant terms•• 

Potable (combined) Linear RED= 27.3 x logl-12.4 0.96 All except the intercept (p = 0.29) 

Wastewater (combined) Linear RED= 26.1 x log I- 7.63 0.99 All except the intercept (p = 0.19) 

*Reduction Equivalent UV Dose for MS2; .. Log1o MS2 inactivaticn calculated as -Log (NINo) at a particular dose 
•*The terms that were not significant could be removed from the equation to simplify it 
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Figure 5-2 . UV dose-response of MS2 coliphage from the collimated bean testing work. -Log 
(NINo) is plotted against the applied dose. Shown are the upper and lower bounds of the NWRI 
80% acceptance intervals within which 80% of the data must lie. 
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6. Biodosimetry 

6.1. Observations 
The results of the biodosimetry are given in Table 6-1. 

Table 6-1. Biodosimetry results shown as log10 MS2 pfu/ml for five replicates. 

Condition UVT Flow UVI 
(%) (Us) (val~) 

Potable Wat~K 89 mm reactor 

Log,. inftuent MS2 
(pfulml) 

Log., effluent stage 1 NS2 
!pfulml) 

Log,, effluent stage 2 NS2 
(pfulml) 

94.1 8.1 

4.4 

2.2 

8.1 

4.3 

2.3 

8.1 

4.3 

2.3 

88.5 NO 4.6 4.7 NO NO NO 4.3 3.5 NO NO NO 1.8 

NO 

2.9 NO 2.5 

1.0 

NO 

32 

2 89.9 

89.9 

83.0 

5 79.8 

6 79.8 

61.2 

8 61.2 

9 61.2 

Potabt. Water 60 mm 12actor 

88.5 NO NO 5.3 52 5.0 

88 5 52 4.9 5.2 5.0 5.3 

63.3 6.3 6.0 5.7 5.7 5.5 

63.3 5.1 4.3 4.5 4.7 4.5 

63.3 52 5.3 5.3 4.B NO 

33.7 5.3 5.1 5.0 3.6 NO 

33.7 53 4.5 4.5 5.4 5.2 

33.7 5.0 5.3 51 NO NO 

2.6 NO 

2.6 

5.1 

2.9 

4.8 

2.8 

31 

4.7 

3.9 NO NO 

3.3 4.1 NO 

4.9 NO NO 

2.9 

2.7 

4.8 

2.5 NO 

2.8 NO 

5.0 4.5 

NO NO 2.8 

1.8 

4.5 

3.3 NO 

NO NO 

1.8 1.0 

1.0 NO NO 

4.3 3.8 NO 

2.7 NO NO NO 

1.0 2.7 1.8 NO 

3.8 4.6 NO 

4.5 5.3 4.6 4.6 5.3 4.0 NO 

42 

4.3 

4.0 

4.1 4.5 

4.5 4.0 4.0 NO NO 3.0 3.0 3.3 NO 

89.9 

94.1 

4.2 

2.2 

102.0 4.1 4.3 NO NO NO 2.5 1 7 NO NO NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 

NO 102.0 NO NO 4.8 NO NO NO NO 2.3 NO 

3 89.9 

4 79.8 

5 83.0 

6 79.8 

7 61.2 

8 61.2 

9 61.2 

Wastewater 89 mm reactor 

62.5 

2 62.5 

3 62.5 

49.3 

5 51.0 

6 51.0 

7 40.9 

8 391 

9 39.1 

W~tstewater 60 mm reactor 

62.5 

2 62.5 

3 62.5 

51.0 

5 49.3 

6 49.3 

7 40.9 

8 39.1 

9 40.9 

1.1 1020 4.5 38 4.0 4.5 NO 

42 89.2 51 4.5 4.3 5.3 5.3 

2.2 89.2 6.0 5.8 5.6 6.3 NO 

1.2 89.2 5.1 5.1 4.8 4.5 NO 

4.2 76.6 53 47 46 5.3 52 

2.3 76.6 5.4 5.3 5.5 5.4 5.4 

1.2 766 5.1 5.1 5.4 5.0 5.4 

8.2 

4.4 

2.1 

8.1 

4.4 

2.3 

8.1 

4.3 

2.2 

4.2 

2.1 

1.1 

42 

2.3 

1.1 

4.1 

2.2 

1.2 

36.1 4.8 4.7 4.4 NO NO 

36.1 NO 4.0 4.7 4.4 4.3 

36.1 4.7 4 0 4.7 NO NO 

235 5.3 4 9 NO 4.6 5.1 

235 4.3 51 51 4.6 5.2 

23.5 4.5 4.6 NO 4.3 4.2 

17.6 4.6 5.2 5.2 5.2 5.3 

17.6 NO NO NO 5.3 52 

17.6 4.6 4 7 4.9 5.3 4.9 

77.6 4.3 4.5 4.4 4.5 4.3 

77.6 4 1 4.4 3.8 4.3 NO 

77.6 4.5 4.7 4.6 4.3 4.6 

72.2 48 45 NO 5.1 48 

722 5.1 48 44 4.3 4.3 

72.2 NO 4.5 4.9 4.8 3.7 

69 9 5.0 5.1 4.9 4.8 4.9 

69.9 5.4 5.1 5.0 4.9 5.1 

69.9 4.5 4.8 4.7 5.0 NO 

1.0 1.0 NO NO NO NO NO NO NO NO 

4.4 3.1 2.8 3.0 2.7 NO 1.7 2.0 NO 2.8 

4.2 4.3 4.1 3.8 3.6 NO 2.1 2.4 2.4 NO 

2.5 2.1 2.3 1.8 NO NO NO NO NO NO 

4.1 4 7 NO NO 5.0 4.7 4 1 44 3.6 3.9 

4 9 4.9 4.5 NO 4.6 3.3 3.0 3.5 3.3 NO 

4.3 2.8 4.3 NO 3.0 2.7 2 6 2.7 2.6 2.6 

4.4 4.3 4.0 NO 4.5 

4.4 4.2 3.7 4.0 4.3 

2.9 1.0 1.8 NO NO 

51 5.1 NO 

47 46 4.8 

42 2.8 NO 

5.2 5.1 NO 

4.8 4.0 4.7 

4.4 4.6 NO 

4.7 

44 

3.9 

4.7 

4.4 

4.8 

4.8 

4.8 

3.3 

4.6 

4.9 

5.1 

4.0 

4.2 

1.7 

4.4 

44 

2.3 

4.6 

4.7 

3.9 

4.4 

4.3 

23 

43 

4.2 3.6 4.0 

4.0 3.0 3.8 

1.0 NO NO 

4.9 4.4 45 

3 6 4.8 4.5 4.7 

2.7 2.9 2.8 2.7 

4.6 4.5 4.1 4.0 

4.3 3.7 4.3 4.8 

4.3 NO NO 4.1 

4.0 

2.9 

4.0 

4.3 

2.6 

2.8 

3.4 NO 3.3 

3.0 

2.1 

5.0 

2.8 NO 2.7 2.6 NO 

5.0 4.0 

3.0 

2.7 

4.6 

2.8 

2.7 

4.6 

2.3 

1.0 

4.5 

4.0 4.6 3.6 3.0 1.8 2.5 

26 2.8 2.8 3.1 2.9 1.0 

4.9 4 9 NO 4.7 4.0 3.5 

4.6 4.8 NO NO NO NO 

4.4 4.6 4.0 NO NO 2.9 

2.8 

1.0 

4.2 

3 I 

1.0 

43 

3.7 

2.9 

2.3 1.9 NO 

1.7 NO NO 

4.3 3.0 4.7 

32 2.8 3.2 

1.0 1.0 2.5 

4.5 4.4 3.8 

3.9 NO NO 

3.1 3.0 NO 

NO: Not determined due to confluence (too many to count), or too few to count, per plate 
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6.2. UVDGM analysis 

6.2. 1. UVDGM log reductions achieved by the reactors 
A summary of the observed log reductions achieved by the reactors is given in Table 6-2 for the 
UVDGM method. 

Table 6-2. Biodosimetry results shown as log1o MS2 pfu/ml for five replicates using UVDGM 
method. 

Condition Flow 
(Lis) 

UVT 
(%) 

Potable Water 89 mm reactor 

2 

3 

4 

5 

6 

7 

8 

9 

8.1 

4.4 

2.2 

8.1 

4.3 

2.3 

8_1 

4.3 

2.3 

94.1 

89.9 

89.9 

83.0 

79.8 

79.8 

61.2 

61.2 

61.2 

Potable Water 60 mm reactor 

2 

3 

4 

5 

6 

7 

8 

9 

4.2 

2.2 

1.1 

4.2 

2.2 

1.2 

4.2 

2.3 

1.2 

89.9 

94,1 

899 

79.8 

83.0 

79.8 

61.2 

61.2 

61.2 

Wastewater 89 mm reactor 

2 

3 

4 

5 

6 

7 

8 

9 

8.2 62.5 

4.4 62.5 

2.1 62.5 

8.1 49.3 

4.4 51.0 

2.3 . 51.0 

8.1 40.9 

4.3 39.1 

2.2 39.1 

Wastewater 60 mm reactor 

2 

3 

4 

5 

6 

7 

8 

9 

4.2 

2.1 

1.1 

4.2 

2.3 

1.1 

4.1 

22 

1.2 

62.5 

62.5 

62.5 

51.0 

49.3 

49.3 

40.9 

39.1 

40.9 

UVI 
(value) 

88.5 

88.5 

88.5 

63.3 

63.3 

63.3 

33.7 

33.7 

33.7 

102 

102 

102 

89.2 

89.2 

89.2 

76.6 

76.6 

76.6 

36.1 

36.1 

36.1 

23.5 

23.5 

23.5 

17.6 

17.6 

17.6 

77.6 

n.6 
n.6 
72.2 

72.2 

72.2 

69.9 

69.9 

69.9 

Coefficient of dose­
response equation 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23.2 

23 2 

23.2 

23.2 

27.7 

27.7 

277 

23.0 

23.0 

230 

230 

23.0 

23.0 

27.7 

27.7 

27.7 

23.0 

23.0 

23.0 

23.0 

23.0 

23.0 

Mean Logl 
(1 s1age) 

0.8 

2.4 

2.3 

0.9 

1.2 

1.5 

0.4 

0.1 

1.0 

2.1 

2.6 

3.2 

1.7 

1.8 

2.7 

0.5 

0.7 

1.6 

0.4 

0.3 

2.6 

0.0 

0.2 

0.8 

0.2 

0.6 

0.2 

0.7 

1.3 

1.7 

0.2 

1.2 

1.6 

0.3 

0.5 

0.3 

RED for MS2 
(1 stage) 

18.7 

56.0 

53.0 

21.9 

28.0 

35.3 

8.3 

2.5 

23.4 

49.4 

59.7 

73.6 

39.9 

42.6 

62.6 

11.4 

15.3 

37.7 

11 .9 

7.9 

71.4 

0.6 

4.8 

19.5 

3.5 

14.7 

3.9 

18.4 

37.0 

46.5 

3.4 

26.8 

36.0 

7.9 

12.3 

7.5 

NO: Not determined due to confluence (too many to count), or too few to count, per plate 
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Mean Logl 
(2 stages) 

2.3 

3.9 

3.9 

1.9 

2.0 

3.3 

0.5 

0.9 

1.8 

ND 

ND 

ND 

2.6 

3.6 

ND 

0.9 

2.1 

2.5 

0.4 

0.6 

2.8 

0.6 

0.5 

1.8 

0.7 

0.8 

0.7 

1.8 

1.8 

3.4 

0.7 

1.6 

3.1 

0.8 

1.3 

1.8 

REDMS2 
(2 stages) 

531 

89.7 

90.9 

44.3 

45.6 

77.4 

11.7 

20.4 

42.4 

NO 

NO 

NO 

593 

83.2 

NO 

20.4 

49.5 

59.0 

11.5 

156 

78.0 

12.9 

10.7 

40.4 

169 

17.3 

15.3 

48.7 

50.3 

93.9 

159 

37.1 

71.0 

19.4 

29.0 

41.3 
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6. 2. 2. UVDGM equations to predict the reduction equivalent dose 

Two types of equations were derived from the data presented in Table 6-1 and combined with the 
dose-response equations given in Table S-4. These two types of equations were: 

• Control equations that use UVI (UV intensity), UVT (UV transmissivity) and flow rate as 
independent variables to predict calculated (RED) reduction equivalent dose; and 

• Design equations that use UVT and flow rate as independent variables to predict calculated (RED) 
reduction equivalent dose. 

The equations derived are given in Table 6-3 for control and in Table 6-4 for design. RED values less 
than zero were removed from all calculations, hence the value of N is not always the same for all 
results. The intercept was set to zero. A range of regression equations were fit to the observations. The 
strong colinearity between UVI and UVT mean that inevitably many of the equations that include both 
UVI and UVT find one of these terms to be insignificant. In predicting inactivation for design and control 
purposes, equations for which all terms are significant are preferred and would be used in preference to 
equations in which one or more terms are not significant. However, all of the equations can be used 
within the dynamic range within which they interpolate. When any equation is used, a check for 
conservatism can be made by comparing predicted with actual values. 

Table 6-3. RED calculation control equations. 

Water type 
(diameter) 
[stages) 

Potable (89 mm) 
(1 stage) 

Potable (89 mm) 
[2 stages] 

Potable (60 mm) 
[1 stage] 

Potable (60 mm) 
[2 stages) 

Wastewater (89 mm) 

(1 stage] 

Wastewater (89 mm) 

[2 stages] 

Wastewater (60 mm) 
[1 stage] 

Wastewater (60 mm) 
[2 stages) 

*RED equation N R2 Significant 
terms** 

Log RED = 0.582 x log(1/flow) + 0.871 x logUVI + 0.128 x logUVT 25 0.99 All but UVT 
(p = 0.699) 

LogRED = 0.456 x log(1/flow) + 1.387 x logUVI- 0.255 x logUVT 26 0 99 All but UVT 
(p = 0.483) 

LogRED = 0.734 x log(11flow)- 6.383 x logUVI + 7.541 x logUVT 29 0.97 All 

LogRED = 0.944 x log(1/flow)- 4.320 x logUVI + 5.606 x logUVT 20 0.98 All 

LogRED = 0 569 x log(1/fiow) + 1.696 x logUVI- 0.555 x logUVT 26 0.92 All but UVT & UVI 
(p = 0.545 & 
0.131) 

LogRED = 0.754 x log(11flow) -1.148 x logUVI + 1.968 x logUVT 30 0.94 All but UVI 
(p = 0.264) 

Log RED = 0.639 x log(11flow)- 1.567 x logUVI + 2.549 x logUVT 33 0.94 All 

LogRED = 0.970 x log(1/flow) + 0.469 x logUVI + 0.583 x logUVT 34 0.97 All but UVT & UVI 
(p = 0.501 & 
0.554) 

•Reduction Equivalent UV Dose for MS2 . 
.. The terms that were not significant could be removed from the equation to simplify it. 
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Table 6-4. RED calculation design equations. 

Water type (diameter) *RED equation 
[stages] 

Potable (89 mm) 
[1 stage] 

Potable (89 mm) 
[2 stages] 

Potable (60 mm) 
[1 stage] 

Potable (60 mm) 
[2 stages] 

Wastewater (89 mm) 

[1 stage] 

Wastewater (89 mm) 

[2 stages] 

Wastewater (60 mm) 
[1 stage] 

Wastewater (60 mm) 
[2 stages] 

LogRED = 0.634 x log(1!flow) + 0.968 x logUVT 

LogRED = 0.513 x log(1!flow) +1 .049 x logUVT 

LogRED = 0.731 x log(1lflow) + 0.939 x logUVT 

LogRED = 0.851 x log(1lflow) +1.079 x logUVT 

logRED = 0.616 x log(11flow) + 0.850 X logUVT 

logRED = 0.705 x log(1lflow) + 1.009 X logUVT 

LogRED = 0.702 x log(11flow) + 0.854 x logUVT 

LogRED = 0.958 x log(1tflow) + 1.094 X logUVT 

*Reduction Equivalent UV Dose for MS2. 
**The terms that were not significant could be removed from the equation to simplify it. 

6. 2.3. UVDGM dose demonstrated by biodosimetry 

N R2 Significant 
terms** 

25 0.99 All 

26 0.98 All 

29 0.96 All 

20 0.98 All 

26 0.91 All 

30 0.94 All 

33 0.94 All 

34 0.97 All 

Design curves for the dose demonstrated by the biodosimetry are given here for the 60 mm wastewater 
reactor in Figure 6-1. The approach used can be followed to generate similar design curves for other 
reactors, predicting the dose that is likely to be applied by reactors under particular design conditions. 

The curves demonstrate the best estimate for the RED for viral inactivation for the reactors based on 
the conditions tested. Assigning 'log credits' is a regulatory process and an example for potable water 
using the UVDGM is given in the following section. 
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Figure 6-1 . Example design curve for 60 mm wastewater 2 stage reactor (UVDGM). 

6.2.4. UVDGM Validation Factor 
For calculating the USEPA log credits, some additional uncertainties are required to be included "for 
potable water reactors at high UVTs. The Validation Factor (VF) was determined using a range of input 
data as described in the UVDGM. The following sets out how each component was derived. 

RED Bias 

For the body of this report, the RED Bias (BRED) is set at 1.0, suitable for defining the RED applicable 
to viruses (UVDGM Appendix G) for all UVTs and all log reduction values. The reason that there is no 
significant BRED in predicting viral log inactivation credits is that MS2 coliphage was used which has a 
sensitivity and response similar to pathogenic viruses. 

For Cryptosporidium, BRED is determined based on Appendix G of the UVDGM on a case-by-case basis 
for the minimum UVT and log reduction designed. The Cryptosporidium BRED is then incorporated into 
the Validation Factor in place of the value 1.0. 

Uncertainty of validation 

The uncertainty of validation (UVAL) is derived from the uncertainty in inactivation (UIN), the 
uncertainty in the dose-response relationship (UDR) and uncertainty in the UV sensor readings (US). 

Inactivation uncertainty (UIN) 

UIN needs to be derived each time. The key data are the standard deviation and the value of n from 
which the standard deviation was derived in comparing the calculated with the measured dose for each 
determination. These data are shown in Table 6-5 for control and in Table 6-6 for design. 

By Water Futures for Orica, 2008. Confidential. Page 26 of 50 



Ultraviolet Disinfection System Validation Report. Report. Version 8. 

Dose-response uncertainty (UDR) 

UDR was derived as described in Section 5.2.3 and the highest values observed, being 100.37% and 
100.88% were used in calculating UVAL for potable water and wastewater, respectively. In reactor 
design and operation, alternative values may be used where these fit better to the specific range. 

UV sensor uncertainty (US) 

US was derived as follows. All values shown in Table 6-1 were as determined from the experiments 
undertaken on the relevant day except the UV intensity (UVI) values from the UV sensors which were 
derived from a static run of the same test rigs shortly after the biodosimetry. The UVI values were 
obtained by running water through the test rig at the UVT levels representing those used during the 
biodosimetry for both water and wastewater. Each duty UV sensor was removed and replaced with 
three reference sensors to allow for the determination of the UV sensor uncertainty as described in the 
UVDGM under equation 5.5' (Table 6-7). The highest value observed, 10.36%, was used. 

6. 2. 5. Using the outcomes of the UVDGM validation 
The data presented in this validation report can be used to support the design, and the assignment of 
log credits, to specific reactors. A simple calculation worksheet has been set up to enable the 
calculation of RED values for design and control purposes as well as the inactivation log credits for 
regulatory purposes. The calculation worksheet takes into account site-specific information on flow rate, 
UVT range, water type, target pathogen for log credit, log credit required, etc. Log reductions are 
additive for multiple stages, e.g. four stages can be designed based on doubling the two stage reactor 
predictions. 

Table 6-5. Inputs to UIN* for determining the Validation Factor for the control equations. 

Water type 
{diameter) 
[stages) 

*RED equation N t-crit Standard 

Potable (89 mm) 
[1 stage] 

Potable (89 mm) 
[2 stages] 

Potable (60 mm) 
[1 stage] 

Potable (60 mm) 
[2 stages] 

Wastewater (89 mm) 

[1 stage] 

Wastewater (89 mm) 

[2 stages] 

Wastewater (60 mm) 
[1 stage] 

Wastewater (60 mm) 
[2 stages) 

LogRED = 0.582 x log(1/flow)- 0.871 x logUVI + 0.128 x logUVT 25 

LogRED = 0.456 x log(1/ftow) -1.387 x logUVI- 0.255 x logUVT 26 

LogRED = 0.734 x log(1/How)- 6.383 x logUVI + 7.541 x logUVT 29 

LogRED = 0.944 x log(1/How)- 4.320 x logUVI + 5.606 x logUVT 20 

LogRED = 0.569 x log(1/flow) + 1.696 x logUVI- 0.555 x logUVT 26 

LogRED = 0.754 x log(1/flow) -1.148 x logUVI + 1.968 x logUVT 30 

LogRED = 0.639 x log(1/0ow) -1 .567 x logUVI + 2.549 x logUVT 33 

LogRED = 0.970 X log(1/flow) + 0.469 X logUVI + 0.583 X logUVT 34 

*Uncertainty in inactivaUon. 
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(0.05) deviation 

2.06 9.5 

2.06 12.7 

2.05 15.8 

2.09 14.2 

2.06 13.6 

2.04 15.5 

2.04 13.0 

2.04 14.9 
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Table 6-6. Inputs to UIN* for determining the Validation Factor for the design equations. 

Water type (diameter) *RED equation N t -crit Standard 
[stages) (0.05) deviation 

Potable (89 mm) LogRED = 0.634 x log(1/flow) + 0.968 x logUVT 25 2.06 11.6 
[1 stage] 

Potable (89 mm) LogRED = 0.513 x log(1/flow) +1.049 x logUVT 26 2.06 18.4 
[2 stages] 

Potable (60 mm) LogRED = 0 731 x log(1/flow) + 0.939 x logUVT 29 2.05 16.0 
[1 stage] 

Potable (60 mm) Log RED = 0.851 x log(1/flow) +1.079 x logUVT 20 2.09 17.2 
[2 stages] 

Wastewater (89 mm) LogRED = 0.616 x log(1/flow) + 0.850 x logUVT 26 2.06 15.4 

(1 stage] 

Wastewater (89 mm) LogRED = 0.705 x log(1/flow) + 1.009 x logUVT 30 2.04 14.5 

[2 stages] 

Wastewater {60 mm) LogRED = 0.702 x log(1/flow) + 0.854 x logUVT 33 2.04 13.4 
[1 stage] 

Wastewater (60 mm) LogRED = 0.958 x log(1/flow) + 1.094 x logUVT 34 2.04 15.0 
[2 stages] 

*Uncertainty in inactivation. 

Table 6-7. UV sensor uncertainty assessment data. 

Sensor number Duty Reference #1 Reference #2 Reference #3 Us (UV sensor) 

102 94 100 101.3 3.62% 

2 88.8 101.2 97.5 98.5 1036% 

3 89.8 93.8 73.9 92.2 3.66% 

4 88.5 92 65 86.2 917% 

6.2.6. Visualising the UVDGM output 

A series of plots (from Figure 6-2 to Figure 6-9) compare the UVDGM Validated Dose for viral 
inactivation log credits with the observed MS2 RED from the biodosimetry experiments. These plots 
demonstrate how conservative the UVDGM approach is in predicting inactivation capability of UV 
reactors, demonstrating that the approach adopted in this reactor validation was a conservative one. 

In practice, the actual log reduction values for MS2 can be used to provide a best estimate of UV 
reactor performance for viral inactivation, that is, the regression equations without the Validation 
Factor. The Validation Factor is only required to provide a highly conservative log inactivation credit for 
specific pathogens for regulatory purposes in US drinking water applications. 
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- - Measured MS2 RED from biodosimetry for 89 mm potable 1 stage reactor 
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A Validated virus RED using control equation 

10 

J. 

• 

20 

• 
.1. • 

• 

30 40 

Measured MS2 RED (ml/cm2
) under conditions tested 

• 

50 

• 
• 

Figure 6-2. Predicted vs observed inactivation for single stage potable water 89 mm reactor. 

...... ... 
6 ...... .... 
E ...... 
Ill 
c 
0 :;:; 

"' :I 
CT 
Gl 
01 
c 
'Iii 
:I 
Q 
w a: 
"C 
Gl 

~ 
"C 
41 .. 
0.. 

100 

90 

80 

70 

60 

50 

40 

30 

20 

- - Measured MS2 RED from blodosimetry for 89 mm potable 2 stage reactor 

• Validated virus RED using design equation 
J. Validated virus RED using control equation 

/ 
/ 

/ 
/ 

~/ 

/ 

.; - .r­
/ 

/// 

• • J. 

•• • 

J. 

• 

10 ·- ---.. 
J. 

-· • 
• 

60 

0+-----~-------r------~------r-----~------~------~----~~----~------~ 

0 10 20 30 40 50 60 70 80 90 100 

Measured MS2 RED {ml/cm2
) under conditions tested 

Figure 6-3. Predicted vs observed inactivation for double stage potable water 89 mm reactor. 
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Figure 6-4. Predicted vs observed inactivation for single stage potable water 60 mm reactor. 
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Figure 6-6. Predicted vs observed inactivation for single stage wastewater 89 mm reactor. 
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6.3. NWRI analysis 

6.3.1.NWRI/og reductions achieved by the reactors 
A summary of the observed log reductions achieved by the reactors is given in a series of tables (Table 
6-9 to Table 6-16) for the NWRI method. Log reductions were calculated as the lower 75% confidence 
limit of the difference between the mean influent and mean effluent MS2 concentrations. It was 
assumed that log-transformed data were approximately normally distributed. Variances were assumed 
to be unknown and equal. The t statistic for a= 0.125 was multiplied by the standard deviation of the 
mean difference and subtracted from the mean difference to find the lower 75% confidence limit. For 
further details of the method used see standard statistical texts, e.g. Walpole and Myers (1993)1

. 

6. 3. 2. NWRI equations to predict the reduction equivalent dose 
Equations were derived from the data presented in Section 6.3.1 and combined with the dose-response 
equations given in Table 5-7. The dose-response equations were explicitly fit only to data where the 
dose measured was ~ 20 mJjcm2

• Therefore, results for which the predicted dose was < 20 mJjcm2 

were ignored from the regression fitting process. In addition, results for which the influent 
concentration could not be determined due to the log inactivation being greater than the range of the 
biodosimetry assay were not able to be used. As a result of these ommissions, of the 9 conditions 
tested for each reactor, only between 1 and 7 were able to be used in the regression analysis. Where 
the regression analysis is not informed by sufficient data to provide a log reduction prediction using the 
equation, the plots of the experimental results can be used instead. 

Table 6-8. NWRI RED calculation design equations. 

Water type (diameter) *RED equation N R2 Significant 
[stages) 

Potable (89 mm) 
[1 stage] 

Potable (89 mm) 
[2 stages] 

Potable (60 mm) 
[1 stage] 

Potable (60 mm) 
[2 stages] 

Wastewater (89 mm) 
[1 stage] 

Wastewater (89 mm) 
[2 stages) 

Wastewater (60 mm) 
[1 stage] 

Wastewater (60 mm) 
[2 stages) 

terms** 

Insufficient data, use data plots rather than equation 3 

LogRED = 0.965 x log(1iflow) + 3.721 x logUVT- 4.875 6 0.80 All but intercept (p = 
0.095) 

LogRED = 0.673 x log(1iflow) + 1.728 x logUVT - 1.525 5 0.99 All but intercept (p = 
0.221) and log UVT 
(p = 0.062) 

Log RED = 0.488 x log(1 iflow) + 2.068 x logUVT- 1.914 4 0.97 None, intercept (p = 

Insufficient data, use data plots rather than equation 

Insufficient data, use data plots rather than equation 2 

Insufficient data, use data plots rather than equation 3 

0.210), log UVT (p = 
0.112) and log 1/flow 
(p = 0.150) 

LogRED = 0.680 x log(1iflow) + 1.467 x logUVT- 0.762 7 0.80 All but intercept (p = 
0.416) 

•Reduction Equivalent UV Dose for MS2. 
••rhe terms that were not significant could be removed from the equaUon to simplify it. 

1 Walpole RE and Myers RH. 1993. Probability and Statistics for Engineers and Scientists. Fifth Edition. Prentice Hall. Pages 254 to 259. 
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Table 6-9. MS2 pfu log reduction assigned to reactors using the NWRI method for potable water 
89 mm 1 stage reactor. 

UVT Flow UVI c: c c: c -c "' .2 - .2 .2 s::: u 
(%) (Us) (value) G> Cii 

s::: 
Cii G> "C Cii ~ s::: 

~ G> u .... 
0 ~ ;:;::: ·;: c ~ >C s::: <II 

.., ·:;: 
e 

"t:l ..c~ ·= G> G> G> G> ~<II s::: G> s::: ii) "t:l~ G> "'C ~ G> G> .., -c..,G> ~ Q) . _ 
Cl "t:l;;:: "Eli: ~- -s::: <'I 0 u "t:l 
0 Cl 

<II 0 
-o<~>u ..... ~~s::: .... s::: ..2 :oC:;.7 :;; E c::: e. ...J .., ·- tV G> "t:l ·- ... "t:l .., 

"t:l Cl "'C Cl G> c::: G>ftj -emf! c::: c::: c:: ~ G> - ~ 'E e .., c::: 0 tV c::: 0 ..,_ ~ 0 ·:;: c::: ..c::: G> 
G> 

..,_ 
G> tV- <~>'Eli: co--::: ~ ~ -- ~ -- OG> .... -...- ·- oo-cno rno ~:::. G> C.."t:l (J)O"t:l ...JUO 

94.1 8.1 88.5 4 67 0.06 3.87 0.55 0.81 0.39 0.39 1.60 0.18 

89.9 4.4 88.5 514 0.12 2.69 0.18 2.45 0.16 0.12 1.30 2.30 

89.9 2.2 88.5 5.10 0.15 2.81 0.20 2.28 0.18 0.11 1.24 2.14 

83.0 8.1 63.3 5.83 0.31 489 015 0.94 0.24 0.15 1.24 0.75 

79.8 4.3 63.3 4.61 0.31 3.90 NO 0.71 NO NO 1.34 NO 

79.8 2.3 63.3 5.14 0.23 3.57 0.50 1.57 0.36 0.28 1.30 1.21 

61 .2 8.1 33.7 4.76 0.78 4.94 NO -0.19 NO NO 1.42 NO 

61 .2 4.3 33.7 4.98 0.47 4.87 0.40 0.11 0.44 0.28 1.24 -0.23 

61.2 2.3 33.7 5.17 0.14 4 16 0.31 1.01 0.24 0.20 1.34 0.74 

NO: Not determined due to confluence (too many to count) or too few to count per plate 

Table 6-10. MS2 pfu log reduction assigned to reactors using the NWRI method for potable water 
89 mm 2 stage reactor. 

UVT Flow UVJ - c::: c:: c:: -c <l> c::: .2 - .2 .2 c::: u c:: "E (%) (Us) (value) G> Cii G> Cii G> Cii ~ s::: 
~ u .., 0 ~ ;:;::: ·:;: c ~ ·:;: c c::: <II ·:;: 

e 
"t:l 

~ ~;E ·= G>CI) G> G> f! ~ c::: G> s::: ii) "t:l~ G> 't:l~ .., -o..,G> Cl "t:l;;:: -ce ~= - -c::: <'I 0 u "t:l 
0 Cl <II 0 -o<~>u ..... ~~c::: .... c::: ..2 :0<~> "'c:c :0 E c::: e. ...J .., ·- "t:l ·- .... "C tV "t:ICl 't:ICl c::: ~ G> G> .... "Ccue c:: c::: c; ·!!! .... G>·- Q) .., c::: 0 .., c::: 0 ..,_ ~ c:: ..c::: <l> .... :t 'E E 
Cl) 

..,_ 
Q) 

.., _ 
a> 'Eli: 0 ~ ..,-~ -- -- ... .,._ __ 

j oo-
~ cno ~ rno :i::::.G> c.. "t:l mo-e ..Juo 

94.1 8.1 88.5 4.67 0.06 2.44 0 55 2.24 045 0.41 1.42 1.65 

89.9 4.4 88.5 5.14 0.12 1.28 0.49 3.86 0.36 0.29 1.34 3.47 

89.9 2.2 88.5 5.10 0.15 1.00 NO 4.10 NO NO 1.34 NO 

83.0 81 63.3 5.83 0.31 3.96 060 1.87 0.46 0.31 1.25 1.49 

79.8 4.3 63.3 4.61 0.31 2.73 0.07 1.88 0.28 0.23 1.30 1.58 

79.8 2.3 63.3 5.14 0.23 1.80 0.68 3.33 0.50 0.36 1.27 2.88 

61 .2 8.1 33.7 4.76 0.78 4.26 0.36 0.50 0.61 0.43 1.27 -0.04 

61.2 4.3 33.7 4.98 0.47 4.22 0.22 0.76 0.38 0.26 1.25 0.43 

61.2 2.3 33.7 5.17 0.14 3.33 0.47 1.83 0.37 0.28 1.30 1.46 

NO: Not determined due to confluence (too many to count) or too few to count per plate 
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Table 6-1 1. MS2 pfu log reduction assigned to reactors using the NWRI method for potable water 
60 mm 1 stage reactor. 

UVT Flow UVI c c:: c:: c:: -om 
~ c .2 "0 :8 c:: u 

(%) (Us) (value) Cl> j;j Cl> ~ c:: 
~ <U Q) u .... <U 
;;: ~> c ~ .> c c:: ., ... ·:; 0 t!! = "0 

~!~ E Q) Cl> Q) Cl> t!! ., c:: Cl> c:: ii) 
"0~ Cl> "0~ Cl> Q) "' "OnsG> m -olO: -ole :z:- -c:: N 0 u "0 

0 m ., 0 -emu .... ~~c:: .... c:: .2 ~ Cl> :s~~ ~ E c:: e. _, ru·- "0 ·- ..... '"D co -om -om Q)- '"DG.)e c:: c:: c:: ~ Q) o ·!!! - Q)·- Q) 
co c:: 0 ... c:: 0 ... ;;: ~ c:: .c Q) ..... 3: c E Q) <U- Q) co- CDc::!i: 0 ~ cu-= -- -- --..... ·- 2 oo-::iE mo :::E mo :::E::.m ll. "0 mo-o ...I U O 

89.9 4.2 102.0 4.22 0.11 2.10 0.56 2.13 0.40 0.40 1.60 1.48 

94.1 2.2 102.0 4.83 NO 2.26 NO 2.57 NO NO NO NO 

89.9 1.1 102.0 4.23 0.34 1.00 0.00 3.23 0.29 0.25 1.34 2.89 

79.8 4.2 89.2 4.91 0.44 3.19 0.70 1.72 0.58 0.37 1.24 1.26 

83.0 2.2 89.2 5.93 0.28 3.99 0.28 1.94 0.28 0.19 1.25 1.70 

79.8 1.2 89.2 4.88 0.30 2.18 0.28 2.69 0.29 0.21 1.27 2.43 

61 .2 4.2 76.6 5.01 0.35 4.58 0.47 0.43 0.39 0.29 1.27 0.07 

61 .2 2.3 76.6 5.39 0.07 4.72 0.22 0.66 0.16 0 11 1.25 0.53 

61.2 1.2 76.6 5.19 0.18 3.61 0.79 1.59 0.54 0.36 1.25 1.14 

NO: Not determined due to confluence (too many to count) or too few to count per plate 

Table 6-12. MS2 pfu log reduction assigned to reactors using the NWRI method for potable water 
60 mm 2 stage reactor. 

UVT Flow UVI - c:: c:: c:: -oCI> c ~ c ~ "0 .!:! c::u 
(%) (Us) (value) Q) Q) j;j ~c:: 

~ <U Q) 
.~- u ... 

·:; c ~ co ·:; ot!! ;;: = > c:: c ., "0 .c~ ·= Q) Cl> Q) Q) t!! ., c:: Q) c:: ii) "0~ Q) "0~ Q) Q) "' -o..,Q) ~ Cl) . _ 
Cl "'0:;:: Cl -os= :z: - - c:: -oG>u N 0 u "0 
0 .... ~~c:: .... c:: .2 ~G) :gC~ ., 0 

~ E c e _, ru·- "0 ·- .... "0 <U -om -om c:: ~ Q) 
Cl>- "'CQ)~ c:: c:: o·!.!! - Cl> · - Q) ... c:: 0 ... c:: 0 ... ;;: ~ c .c Q) ·;::: 3: c E Q) co- Q) co- mc::S: 0 ~ ns-:z: 

::iE -- :::E -- -...... _ u oo-mo mo :::E ::. m ll. "0 mo-o ..:. ...1<.>0 

89.9 4.2 102.0 4.22 0.11 NO NO NO NO NO #NUM! NO 

941 2.2 102.0 4.83 NO NO NO NO NO NO #NUM! NO 

89.9 1.1 102.0 4.23 0.34 NO NO NO NO NO 1.60 NO 

798 4.2 89.2 4.91 0.44 2.16 0.59 2 75 0.50 0.36 1.27 229 

83.0 2.2 89.2 5.93 0.28 2.33 0.16 3.61 0.24 0.18 1.30 3.37 

79.8 1.2 89.2 4.88 0.30 NO NO NO NO NO 1.60 NO 

61.2 4.2 76.6 5.01 0.35 4.13 0.42 0.88 0.38 0.24 1.24 0.58 

61 .2 2.3 76.6 5.39 0.07 3.26 0.22 2.13 0.16 0.10 1.25 1.99 

61.2 1.2 76.6 5.19 0.18 2.65 0.07 2.54 0.14 0.09 1.24 2.43 

NO: Not determined due to confluence (too many to count) or too few to count per plate 
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Table 6-13. MS2 pfu log reduction assigned to reactors using the NWRI method for wastewater 
89 mm 1 stage reactor. 

UVT Flow UVI c c c: c: "CQ) 
.2 - 0 ~ c u 

(%) (Us) (value) Q) ;;; c :;:: Q) 'E ::s c ::s Q) 

"" u co co 0 ~ 1;:: ·-- ::s ~;; c c IJl ·;;;: > c !E "C 
:::!!~;; .= Q) Q) Q) Q) ~ IJl c Q) c in "C;:s Q) "0 ::s 

~~~ 
co "CcoQ) 

D) -c= "'!E -c N .. u "0 
0 D) 

IJl 0 -cG>u ~ ~~c: ...J 
... c: ..2 :;; Q) :0 E c 2. co- -oG>c "0 ·- ... "0 co 
"0 D) "00) Q)- "CCI>~ c c: c ::s Q) 0.!!! - Q)- Q) 

co c 0 .., c: 0 co~;::2 c: ..c:: Q) ::t 'E E Q) co- Q) m -
~ :§. ~ 0 ~ co-:= ... -- -- ..... --- ·- 2 oo-:::E (/)0 :::E (/)0 D.. "C (J)O"C ...I U O 

62.5 8.2 36.1 4.62 0.19 4.26 0.22 0.36 0.21 0.16 1.30 0.15 

62.5 4.4 361 4.34 0.29 4.11 0.27 0.22 0.28 0.19 1.25 -0.01 

62.5 2.1 36.1 4.47 0.41 1.90 0.96 2.58 0.74 0.60 1.34 1.76 

49.3 8.1 23.5 4.96 0.32 4.94 0.21 0.02 0.27 0.19 1.27 -0.22 

51 .0 4.4 23.5 4.86 0.38 4.65 0.1 7 0.21 0.29 0.1 9 1.24 -0.02 

51 .0 2.3 23.5 4.40 0.18 3.55 064 0.85 0.47 0.33 1.27 0.42 

40.9 8.1 17.6 5.10 0.28 4.92 0.27 0.18 0.28 0.19 1.25 -0.06 

39.1 4.3 17.6 5.28 0.08 4.56 0.36 0.72 0.33 0.27 1.30 0.37 

391 2.2 17.6 4.89 0.26 4.72 0.31 0.17 0.28 0.19 1.25 -0.07 

NO: Not determined due to confluence (too many to count) o r too few to count per plate 

Tab le 6-14. MS2 pfu log reduction assigned to reactors using the NWRI method f or wastewater 
89 mm 2 stage reactor. 

UVT Flow UVI - c: c: c: "CCI> 
c .2 - .2 .2 c: u 

(%) (Us) (value) Q) ;;; c: ;;; Q) 'E Cii ::s c: 
::s Q) u co 0 ~ 1;:: ·:;: c ::s ·::; c c: IJl ·;;;: = "0 

:::!!~;; ·= Q) Q) Q) Q) ~ IJl c Q) c: in "';:s Q) "0 ::s Q) Q) co "Cco Q) 
D) -ciO= "'!E =- -c: N 0 u "C 
0 Cl IJl 0 -cG>u ~ ~~c: ... c: ..2 :0 Q) :sC~ :0 E c: e -' co · - "C ·- ... "C "" "0 Cl "'Cl c: § Q) Q)- "CCI>~ c: c: ()•!!! - Q) .:;:: Q) 
co c: 0 co c: 0 co- ::s c: ..c: G> ... ::t c: E G> co- Q) <a- G>'E!E 0 ~ co-:= -- ... _ - ..... ·- 2 oo-:::E (/)0 :::E cno :::E:::-G> D.. "0 (/)0"0 ...IUO 

62.5 8.2 36 1 4.62 0.19 4 03 0.29 0.58 0.26 0.19 1.27 0.34 

62.5 . 4.4 361 434 0.29 3.86 0.52 0.48 0.44 0.29 1.25 0.12 

62.5 2.1 36.1 4.47 0.41 1.66 0.64 2.82 0.54 0.44 1.34 2.22 

49.3 8.1 23.5 4.96 0.32 4.50 0.23 0.46 0.27 0.18 1.25 0.24 

51.0 4.4 23.5 4.86 0.38 4.40 0.46 0.46 0.42 0.27 1.24 0.13 

51 .0 2.3 23.5 4.40 0.18 2.70 0.22 1.71 0.20 014 1.25 1.53 

40.9 8.1 176 5.10 0.28 4.36 0.29 0.73 0.28 0.18 1.24 0.51 

39.1 4.3 17.6 5.28 0.08 4.35 0.44 0.93 0.39 0.33 1.30 0.50 

39.1 2.2 17.6 4.89 0.26 4.09 0.18 0.80 0.24 0.17 1.27 0.58 

ND: Not determined due to confluence (too many to count) or too few to count per plate 
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Table 6-15. MS2 pfu log reduction assigned to reactors using the NWRI method for wastewater 
60 mm 1 stage reactor. 

UVT Flow UVI c c: c: c: "CQ) 

~ c ~ "C .2 c: u 

(%) (Us) (value) Q) Q) 10 ::J c: co Q) co u ... 
::J co 0 f!! ;;:: ·:; c ::J ·s; c c: <n "C ·:;: 
-= Q) <11 e <11 Q) f! <n c: <11 c: in .c:! 

"C::J Q) "C::J :!~ co "C co Q) ~ Q,) . -
C) "C;;:: "C!i: - c: 

N 0 u "C 
0 

C) 
<n 0 

"CQ)U .... ~:iic: ...I 
... c: .s! :a <11 :sc~ :0 E c: 2. co ·- <11 c: "C - ... "C co 

"C C) "C C) Q) - "DQ)f! c: c: c: ::J Q) 0.!! - ; 'E ~ co c: 0 co c: 0 co- ::J c: .&:: <11 ... 
<11 co - Q) co- Q)'Ee 0 ~ ca-= -- -- -~ ·- 2 oo-::E cn o :::E cno :::E::::..Q) ~ "C cno"C ...IUO 

62.5 4.2 77.6 4.42 0.10 3.73 0.48 0.68 0.33 0.22 1.25 0.41 

62.5 2.1 77.6 4.15 0.29 2.85 0.16 1.30 0.22 0.15 1.25 1.11 

62.5 1.1 77.6 4.54 0.18 2.86 0.69 1.68 0.51 0.32 1.24 1.28 

51.0 4.2 72.2 4.79 0.24 464 0.43 0.15 0.36 0.24 1.25 -0.15 

49.3 2.3 72.2 4.57 0.36 3.41 1.05 1.17 0.78 0.49 1.24 0.55 

49.3 1.1 72.2 4.46 0.54 2.84 0.19 1.63 0.38 0.25 1.25 1.31 

40.9 4.1 69.9 4.96 0.12 4.63 0.44 0.33 0.30 0.20 1.25 0.08 

39.1 2.2 69.9 5.09 0.19 4.72 0.11 0.37 0.18 0.15 1.30 0.17 

40.9 1.2 69.9 4.74 0.22 4.32 0.31 0.42 0.26 0.20 1.30 0.16 

ND: Not determined due to confluence (too many to count) or too few to count per plate 

Table 6-16. MS2 pfu log reduction assigned to reactors using the NWRI method for wastewater 
60 mm 2 stage reactor. 

UVT Flow UVI - c: c: c: "C Q) 
c: ~ c .2 "C .2 c: u 

(%) (Us) (value) <11 
co Q) 10 Q) ... 10 ::J c: 

::J u co 0 f!! ;;:: ·s: c: ::J ·:; c c: <n ·:;: 
e "C 

~ ! :E .5 Q) Q) Q) <11 f!! <n c: Q) c: in "C::J Q) "C::J Q) Q) co "CcoQ) 
C) "C;;:: "C!i: :=- - c: 

N 0 u "C 
C) "CQ)u .... ~:iic: 0 ... c: .s! :a Q) :cC~ <n 0 :0 E c: 2. ...I co ·- "C ·- .... "C co 

"C Ol "Ctn c: ~ Q) Q)- "CCI>f!! c: c: o ·!!! - <11 c;::: Q) 
co c: 0 co c: 0 co- ::J c: .&:: <11 ·;:: 3: c: E Q) co- Q) co - <V'Ee 0 ~ co-:t: -- -- ........ . _ u oo-::E cno ::E cno ::E::::..a; ~ "C en o "C ..:.. ...IUO 

62.5 4.2 77.6 4.42 0.10 2.67 0.11 1.75 0.10 0.08 1.27 1.65 

62.5 2.1 77.6 4.15 0.29 2.33 0.35 1.81 0.32 0.23 1.27 1.53 

62.5 1.1 77.6 4.54 0.18 1.23 0.40 3.31 0.28 0.20 1.27 3.05 

51.0 4.2 72.2 4.79 0.24 4.13 0.66 0.66 0.52 0.35 1.25 0.21 

49.3 2.3 72.2 4.57 0.36 2.96 0.31 1.62 0.34 0.21 1.24 1.35 

49.3 1.1 72.2 4.46 0.54 1.30 0.66 3.17 0.61 0.41 1.25 2.65 

40.9 4.1 69.9 4.96 0.12 4.12 0.43 0.84 0.31 0.20 1.24 0.60 

39.1 2.2 69.9 5.09 0.19 3.80 0.14 1.29 0.19 0.15 1.30 1.09 

40.9 1.2 69.9 4.74 0.22 2.95 0.08 1.79 0.17 0.12 1.27 1.64 

NO: Not determined due to confluence (too many to count) or too few to count per plate 
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6.3.3. NWRI design curves 
A worksheet was set up to allow prediction of reduction equivalent dose using the NWRI method based 
on the equations given in Table 6-8. An example of how this worksheet would be used is given in 
Figure 6-10. The design curves are more conservative than those illustrated for the UVDGM method 
(Figure 6-1). However, the design curves under the UVDGM method would be subjected to further 
correction using a Validation Factor for the assignment of log credits. Under NWRI, the safety factors 
are included in the assignment of reactor log reduction values (Section 6.3.1), prior to the development 
of the design equations. Figure 6-10 can be read directly to inform NWRI log reduction credits for 
viruses. 

6.3.4. Visua/ising the NWRI output 
Illustrated in Figure 6-11 to Figure 6-14 are a series of plots that show a comparison of the mean 
reduction equivalent dose measured during the biodosimetry, along with the lower 75% confidence 
limit for the same value (see Section 6.3.1 for derivation), and the calculated dose using the regression 
equations fitted to the lower 75% confidence limits (see Table 6-8 for the equations used). 

Following the four regression plots, empirical plots of the observed and lower 75% confidence bounds 
of the observed data are given to provide look up plots to use in lieu of regression equations. 
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Figure 6-10. Example of design curve for 60 mm wastewater 2 stage reactor (NWRI method). 
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Figure 6-11 . Comparison of the model-predicted with the observed, and lower 75% confidence 
limit of the observed, RED for the 60 mm wastewater 2 stage reactor (NWRI method). 
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Figure 6-12. Comparison of the model-predicted with the observed, and lower 75% confidence 
limit of the observed, RED for the 60 mm potable water 1 stage reactor (NWRI method). 
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Figure 6-13. Comparison of the model-predicted with the observed, and lower 75% confidence 
l imit of the observed, RED for the 60 mm potable water 2 stage reactor (NWRI method). 
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Figure 6-14. Comparison of the model-predicted with the observed, and lower 75% confidence 
limit of the observed, RED for the 89 mm potable water 2 stage reactor (NWRI method). 
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Figure 6-15. Illustration of the observed and lower 75% confidence limit RED for the 89 mm 
potable water 1 stage reactor (NWRI method). 
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Figure 6-16. Illustration of the observed and lower 75% confidence limit RED for the 89 mm 
potable water 2 stage reactor (NWRI method). 
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Figure 6-17. Illustration of the observed and lower 75% confidence limit RED for the 60 mm 
potable water 1 stage reactor (NWRI method). 
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Figure 6-18. Illustration of the observed and lower 75% confidence limit RED for the 60 mm 
potable water 2 stage reactor (NWRI method). 
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Figure 6-19. Illustration of the observed and lower 75% confidence limit RED for the 89 mm 
wastewater 1 stage reactor {NWRI method). 
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Figure 6-20. Illustration of the observed and lower 75% confidence limit RED for the 89 mm 
wastewater 2 stage reactor {NWRI method). 
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Figure 6-21 . Illustration of the observed and lower 75% confidence limit RED for the 60 mm 
wastewater 1 stage reactor (NWRI method). 
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Figure 6-22. Illustration of the observed and lower 75% confidence limit RED for the 60 mm 
wastewater 2 stage reactor (NWRI method). 
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7. Quality Assurance and Quality Control 

7.1. Measurement uncertainties 
The uncertainties assigned to each measurement are given in Table 7-1 along with a summary of the 
derivation of those uncertainties and a comparison with the default criteria given in the UVDGM. 

Table 7-1. Uncertainties. 

Item 

Flow meter 

uv 
spectrophotometer 

Duty UV sensors 
(US) 

Radiometer 

Depth of 
suspension 

Incidence 
irradiance 

Petri Factor 

L/(d + L) 

Time 

(1-10-ad)/ad 

Uncertainty in 
dose-response 
(UDR) potable 
water 

Uncertainty in 
dose-response 
(UDR) wastewater 

Default Assigned Details of derivation and application 
Criterion value 

< 5% 0.1% ABB Australian pty Ltd calibration certificates for tests 
carried out at 1.5, 7.5 and 15 L/s in June 2007 for each 
meter. Assigned value rounded up from worst observed 
value from all runs (0.08%). 

< 10% 2% Supplied by AWQC. 

< 10% 

<8% 

$10% 

$8% 

$5% 

$1% 

$5% 

10.36% Four UV sensors were used. The greatest deviation of any 
one (representing the duty sensor) from the other three 
(representing the reference sensors) was found to be 
10.36%. 

The assigned value was included in the validation factor. 

7.5% Supplied by AWQC. Type 2 uncertainty± 6.5% + NIST 
uncertainty of 1% (200-400 nm), based on International 
Ught calibration report dated July 2003. 

2% Supplied by AWQC. 

6.5% Supplied by AWQC. 

2.5% Supplied by AWQC. 

0.3% Supplied by AWQC. 

2% Supplied by AWQC. 

$ 5% 4% (ad < 0.1) Supplied by AWQC. 

$ 30% 100.4% Calculated using linear regression from the data supplied by 

$30% 
67.1% 

31.8% 

100.9% 

AWQC for water at 90, 80 and 60% uvr and combined for 
all three uvr levels. 

The assigned value was included in the validation factor. 

Calculated using linear regression from the data supplied by 
AWQC for wastewater at 60% UVT. 

The assigned value was included in the validation factor. 

Calculated using linear regression from the data supplied by 
AWQC for wastewater at SO% UVT. 

The assigned value was included in the validation factor. 

Calculated using linear regression from the data supplied by 
AWQC for wastewater at 40% UVT. 

The assigned value was included in the validation factor. 
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8. Case study 

8. 1. Introduction 
The validation testing involved multiple tube diameters, water types, stages, flow rates and UVT levels. 
This report applied both the UVDGM and NWRI methods to provide a summary of the validation 
methodology for these reactors. However, specific reactor designs in their specific contexts are likely to 
have slightly different design features. The information contained within this report can be used to 
provide estimated doses and pathogen inactivation credits for any reactor design within the validated 
range. To illustrate how specific reactor design validation is undertaken, two case studies are given in 
this section of the report. The first case study adopts the simpler NWRI methodology to estimate a dose 
for a reactor. The second applies the more complex UVDGM methodology to calculate a log reduction 
credit. 

8.2. Information requirements 
The following information is required to apply the validation program results to any specific design: 

• The water type for the reactor, e.g. secondary treated wastewater, conventionally treated potable 
water or tertiary treated wastewater. 

• Flow rate per tube for the tube in the reactor with the fastest hydraulic flow rate. For multiple-tube 
reactors, computational fluid dynamic (CFO) modelling and/or empirical on-site flow testing is 
required to determine this flow rate. Note that the flow range within this fastest tube must be 
within the range validated. Interpolation between upper and lower flow rate ranges is appropriate, 
but extrapolation beyond those ranges is not. For flow rates lower than those validated, an 
assumption of the lowest measured flow rate must be applied. The flow rates higher than those 
validated, the validation is void. 

• The range of UVT of interest. Note that the range of UVT must be within the range validated. 
Interpolation between upper and lower UVT ranges is appropriate, but extrapolation beyond those 
ranges is not. For UVT ranges higher than those validated, an assumption of the highest measured 
flow rate must be applied. For UVT ranges lower than those validated, the validation is void. 

• Number of reactor stages in series. The validation was run for both one and two stages but, in 
theory, any number of stages can be placed in series by adding the doses for the single or double 
stage experiments. 

• The reactor tube diameter. This validation only applies to 60 mm 0 and 89 mm 0 reactors. Other 
reactor diameters are not covered by this validation. 

• The arrangement of the reactor. This validation only applies to the validated reactor arrangements 
with respect to lamp positioning, tube and lamp spacing and reactor hydraulics. Due to the 
conservative nature of the test rig, using the internal black plastic coating, reactors with multiple 
tubes can be arranged in parallel provided flow rate effects are taken into consideration. 

• The lamp age and lamp operating conditions required. The validation was based on having all 
lamps on with average lamp age of > 8,000 hours, therefore, average lamp age in the intended 
application must be ~ 8,000 hours and all lamps must be on to be within the validated range. 

• The information required by the customer. The information might include the reduction equivalent 
dose demonstrated, and/or the validated pathogen log credit. 

• The guideline or regulation to be applied. The relevant reference document may be the UVDGM 
2006, UVDGM 2003 (draft), NWRI or some other requirement. 
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8.3. NWRI Case Study 

8.3. 1.NWRI case study information 
For this case study, a customer has sought information on the ability of a UV reactor to disinfect 
wastewater. The customer has requested that a reactor be supplied to provide a validated dose of :::: 
100 mJ/cm2 for wastewater of UVT:::: SO% against the NWRI guidelines for reuse to treat a flow rate of 
~ 33 L/s. This case study illustrates how the required maximum flow rate per flow tube is calculated 
and then used to determine the optimum full-scale reactor design. The case study information is given 
in Table 8-1 of this report. 

Table 8-1. Information provided for the NWRI case study reactor. 

Item 

Water type 

Flow rate in flow 
tube with highest 
flow rate 

UVT 

Redundancy 
required 

Aowtube 
diameter 

Reactor 
arrangement 

Lamp arrangement 

Information 
required 

Guideline required 

Case study Within allowable range? 

Wastewater Yes 

To be determined in this Between 1 to 4 L/s 
case study for specification 
with total flow of ~ 33 Lfs 
required. 

~ SO% Yes, for wastewater 

Continuous Yes, if a backup stage is included 
1n the event of lamp failure 

60 mm Yes 

As per the validated reactor Yes 

As per the validated 
reactor; average lamp life 
to be ~ 5,000 hours 

Design capable of 100 
mJ/cm2 validated dose 
against NWRI guidance. 

NWRI 

Yes 

Yes 

Yes 

8.3.2. NWRI reactor design 

Reference 

Table 4-1 ofthis report 

Table 4-1 ofthis report 

Table 4-1 of this report 

Table 4-1 of this report 

Table 4-1 of this report 

Section 3 of this report 

Table 4-1 of this report 

Section 6.3 of this report 

Section 6.3 of this report 

A simple worksheet is set up that uses the appropriate reactor design equation. In this case the NWRI 
section of the report is used rather than the USEPA section. The equivalent approach would apply for 
the use of the USEPA section. 

The relevant equation in this case is that associated with a 60 mm 11.1 wastewater reactor. The equation 
chosen is: Log (RED) = 0.680 x log (1/flow) + 1.467 x log (UVT) - 0.762. This equation is given in 
Table 6-8 of this report. A worksheet is then set up and used to find the flow rates that give the 
required dose for the four, six and eight stage reactor designs. The results of the use of the equation 
for this purpose are given in Table 8-2 of this report. 

Based on these results, options can be casted to supply a four, six or eight stage reactor with the 
documented per tube flow rates. 

For this case study, to fit within the footprint of the available space, and to take advantage of available 
CFD modelling data on flow rates per tube, it is decided to use a reactor design with twenty parallel 
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tubes per stage. For such a reactor, CFD modelling shows that the flow rate in the fastest tube is the 
average flow rate per tube multiplied by 1.2. For the desired 33 L/s flow rate, the average flow rate 
through each of 20 tubes is 1.7 L/s and the flow rate through the fastest tube is 2.0 L/s. Therefore, 
based on Table 8-2 of this report, the six-stage reactor is chosen. 

An additional two stages are installed to allow for possible lamp failure or maintenance activities in one 
or more of the upstream stages. Upon lamp failure or other activities that cause lamps to be off, the 
affected stage is shut down once one of the additional stage has warmed up. Supplying two additional 
stages further increases the reliability of continuity of supply. 

In summary, the chosen design to give a 100 mJ/cm2 validated UV dose for wastewater of UVT 2'!:50% 
treating a flow rate of 5 33 L/s includes six stages in series with 20 parallel 60 mm 0 flow tubes per 
stage. Two additional stages are installed to allow for a high level of supply continuity. 

Table 8-2. Results of NWRI case study design. 

Number of 
stages 

UVT Validated RED (NWRI) 
ml/cm2 

4 SO% 107.7 

6 SO% 100.8 

8 SO% 100.2 

8.4. USEPA Case Study 

8.4.1. USEPA case study information 

Maximum flow rate per tube for the 
fastest tube (l/s) 

1.0 

2.0 

3.0 

For this case study, a customer has sought information on the ability of a UV reactor to disinfect 
drinking water. The customer has requested that a reactor be supplied to provide a validated dose of ;::: 
50 mJ/cm2 for wastewater of UVT ;::: 90% against the USEPA UVDGM for potable water use to treat a 
flow rate of 5 130 Lfs. The customer has sought a Cryptosporidium log credit of 2.5 against the 
UVDGM. This case study illustrates how the required maximum flow rate per flow tube and log credit is 
calculated and then used to determine the optimum full-scale reactor design. The case study 
information is given in Table 8-3 of this report. 

8.4.2. USEPA reactor design 
A simple worksheet is set up that uses the appropriate reactor design equation. In this case the USEPA 
section of the report is used rather than the NWRI section. The equivalent approach would apply for 
the use of the NWRI section. 

The relevant equation in this case is that associated with a 89 mm 0 potable water reactor. The 
equation chosen is: LogRED = 0.634 x log{1/flow) + 0.968 x logUVT. This equation is given in Table 
6-4 of this report. A worksheet is then set up and used to find the flow rates that give the required 
dose for the one, two and three stage reactor designs. The results of the use of the equation for this 
purpose are given in Table 8-4 of this report. 

To find the flow rates that give the required log reduction credit, the UV sensitivity of the challenge 
microorganism MS2 is first found from Table 5-4 of this report. The result is 23.2 mJ/cm2 per log 
inactivation. Appendix G of the UVDGM, at page G-5, then provides the appropriate RED bias for 2.5 log 
inactivation of Cryptosporidium. The result is 1.87. This value is incorporated into the validation factor 
for Cryptosporidium. In addition, the UDR and UIN factors are found from Table 5-5 and Table 6-6 of this 
report, respectively, to give the UvAL term. In this case UDR is 100.4% and UIN is 114.6% leading to a 
UvAL of 152.4%. When incorporating the RED bias this leads to the Cryptosporidium validation factors 
shown in Table 8-4 of this report. 

Based on these results, options can be casted to supply a one or two stage reactor with the 
documented per tube flow rates. 
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For this case study, to fit within the footprint of the available space, and to take advantage of available 
CFD modelling data on flow rates per tube, it is decided to use a reactor design with twenty parallel 
tubes per stage. For such a reactor, CFD modelling shows that the flow rate in the fastest tube is the 
average flow rate per tube multiplied by 1.2. For the desired 130 L/s flow rate, the average flow rate 
through 20 tubes is 6.5 L/s and the flow rate through the fastest tube is 7.9 L/s. Therefore, based on 
Table 8-4 of this report, the two-stage reactor is chosen. 

Table 8-3. lnfonnation provided for the USEPA case study reactor. 

Item Case study Within allowable Reference 
range? 

Water type Potable water Yes Table 4-1 of this report 

Flow rate in now To be determined in this case study for specification Between 2 to 8 Us Table 4-1 of this report 
tube with highest wi th total flow of :s; 130 Us required. 
How rate 

UVT :!:90% Yes, for potable water Table 4-1 of this report 

Redundancy Intermittent. Large dear water storage means shut Yes Table 4-1 of this report 
required down for up to three days is acceptable. Can operate 

outside the validated range for s 5% of the water 
supplied in any one month (UVDGM page 6-13). 

Flow tube diameter 89mm Yes Table 4-1 of this report 

Reactor As per the validated reactor Yes Section 3 of this report 
arrangement 

Lamp arrangement As per the validated reactor; no lamp to be over 8,000 
hours old 

Yes Table 4-1 of this report 

Information Design capable of 2.5 Cryptosporidium UVDGM log Yes Section 6.2 of this report 
required credit 

Guideline required UVDGM Yes Section 6.2 of this report 

Table 8-4. Results of case study design. 

Number UVT Validated Maximum Validation factor for Validated Validated 
of stages RED flow rate Cryptosporidium Cryptosporidium Cryptosporidium log 

(UVDGM) per tube for RED (UVDGM) credit (UVDGM) 
mJ/cm2 the fastest mJ/cm2 

tube (Us) 

90% 35.2 3.5 4.14 8.5 :!: 2.5 

2 90% 41.7 8.0 4.03 10.3 ~2.5 

In summary, the chosen design to give a 2.5 log Cryptosporidium inactivation for potable water of UVT 
~90% treating a flow rate of~ 130 L/s includes two stages in series with 20 parallel 89 mm 121 flow 
tubes per stage. In this case, additional stages are not required for supply continuity since under the 
UVDGM performance within the validated range needs only be achieved for 95% of any monthly period 
and there is sufficient clear water storage capacity to allow for some days of no supply to make any 
repairs or lamp changes. 
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9. Appendices 

Following are appended design information, calibration certificates and layout diagrams to help illustrate 
the body of the report. 

By Water Futures for Orica, 2008. Confidential. Page 50 of 50 



L 

~- Arc Lenqth 

Lamp Specification 

XUV64 
001.0619055 UVL 

t:.~.t e 
Ce net.to.._ 

1473 mm Nom 
a- Base face to base face lenoth 1558 mm (+/- 3mm) 
t- Base face to opposite pin lenqth 
D- Overall lenoth pin to pin 
,_amp Operatinq Current 
amp Qperatinq Voltaoe 

,_amp Startinq Voltaqe @ 60 Hz 
amp Wattaqe 

lJV Output 253.7nm (100 Hours)* 
Rated Average Life (85% of initial output) 
Wire type and insulation 
Wire Lenoth 
l::nd termination 

Dimensions are nominal exceot as noted 
185nm radiation may reduce this value 

We hereby certify that data and values for the lamp 
noted above are true and represent the nominal 
operating values for said lamp when operated on 
the correct and proper ballast. The primary 
wavelength emitted from this lamp is 254nm. 

2446 Cades Way 
V ista, CA 92081 USA 
T: 760.599.2644 
F: 760.599.2642 
info@enaqua.com 

1565 mm Nom 
N/A 

800mA 
220V 

(preheat starter) 
155W 

53 W calculated 
10000 Hrs. 

7str. Cu/Ni-FEP 
N/A 

CERAL® 4 pin 

LAMP OUTPUT ¥1 . EFFECTIVENESS 

~ek 0\JlpVI Une of 
~icloll t.amp at 253 7nm 

Th~ lnfonnatlon provided ber~in or attach~d Is proprietary to and confidential information of ENAQUA 



UVL STANDARD LAMP SPECIFICATIONS 

Low Pressure, 
Standard Output, 

Ozone Free 

Body Material TiO Doped Fused Quartz 

Body Diameter 15mm 

Mercury (mg) >100mg 

Mount Molybdenum 

Filament Tungsten 

Fill Gas Argon 

End Cap/Base Ceramic or Cerarr"M 

Solder Pb Free 

MSDS On file 

Arc Length tolerance +/- Smm 

BF/BF Tolerance +/- 3mm 

Dimensions and materials noted for standard UVL parts. 
Custom and special lamp produc!S will have separate 
Specification and Data sheets 

2446 Cades Way 
Vista, CA 92081 USA 
T: 760.599.2644 
F: 760.599.2642 
info@enaqua .com 

Low Pressure, Low Pressure 
Standard Output High Output 
Ozone producing Ozone Free 

TiO Doped Fused Pure Fused Quartz 
Quartz 

15mm 15mm 

>100mg >40mg Pellet 

Molybdenum Molybdenum/Mica 

Tungsten Tungsten 

Argon ArNe, ArNeXe 

Ceramic or CeraiT" Ceramic or Cera IT" 

Pb Free Pb Free 

On file On file 

+/- Smm +/- Smm 

+/- 3mm +/- 3mm 

CREATED: 01/03/07 
REVISED: 09/30/07 

These data include matter wh1ch is a trade secret of Enaqua or proprietary or confidential to Enaqua, and shall not be reproduced or di~closed in whole or in part or used in any 
manner except in conneCtiOn with Enaqua business, without the written consent of Enaqua 



Product 

Manufacturer 

Model Number 

Package 

Spectral Sensitivity 

Sensor Material 

Peak sensitivity 

Temperature Range 

Acceptance angle 

Linearity 

Thermal Stability 

Long Term Stability 

2446 Cades Way 
Vista, CA 92081 USA 
T: 760.599.2644 
F: 760.599.2642 
info@enaqua.com 

UVC DETECTOR DATA SHEET 
PART NUMBER: 

Detector Assembly Detector Device 

Clear Water Technology CLREX 

CL 705L NSL5510 

T-05 T-05 

CdS 

260 nm +/-10nm@ 12%T 5500 A 

-50° to +75°C -50° to +75°C 

+/- 45° +/- 45° 

Per Attached Per Attached 

Per Attached Per Attached 

Per Attached Per Attached 

These data include matter which is a trade secret of Enaqua or proprietary or confidential to Enaqua, and shall not be reproduced or disclosed in whole or in part or used in any 
manner except in connection with Enaqua business, without the written consent of Enaqua 
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MagMaster 

Water Temp oc Stream 1 
lnt Ext Vs 

21.6 0 15.017 
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Customer full scale : 

Calibration range : 

Meter bore : 
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Stream 2 Stream 3 
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AB3 Au!r.rat4 P:v Led 
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MF/E80037210A005ER1301111 

Digital 
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COMMERCIAL IN CONFIDENCE 

Functionality 

Design Overview 

Our UV disinfection system is unique in that we offer a non-contact design where the effluent 

flows through Advanced Fluoropolymer tubes (AFP840) and the UV lamps and sensors are 
external to the effluent flow. The AFP840 tubes are robust, non-fouling and non-corroding. As 

the UV lamps are outside of the AFP840 tubes and not protected by quartz sleeves, lamp 

cleaning is not required. We submit that our system offers significant operating advantages in 

terms of faster lamp replacements and m inimal cleaning requirements. This has a dramatic 

impact on plant uptime. We are confident that our non-fouling system will achieve the 

microbiological kill rates on a consistent basis with greater assurance. The graphic below 
conveys arrangement of UV lamps and AFP840 tubes in a typical UV Reactor. 

Thermoat:IUQUy 
eoftttOIIed, air 
cooled UY ~mps 

/I.FPtll~to 

carry weter 

Ot.lnfected 
Water or 

,. Etftuent out 

Please contact Bob Arnold or Sunny Mishra for any further information. 

Bob Arnold 
Sunny Mishra 
Orica Watercare (Giynde Office) 

0412 817 733 
0434 539039 
(08) 8337 0079 
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COMMERCIAL IN CONFIDENCE 

Third Party Accreditation 

Orica Watercare has undertaken a rigorous and refereed process to validate our UV 

disinfection systems in accordance with the USEPA Ultraviolet Disinfection Guidance Manual 

for the Final Long Term 2 Enhanced Surface water Treatment Rule- 2006 (UVDGM Method) 
and the NWRI & AWWA Ultraviolet Disinfection Guidelines for Drinking Water and Water 

Reuse - Second Edition 2003. 

Dr Dan Deere of Water Futures pty Ltd undertook the independent oversight of our validation 

work and can confirm that the UV disinfection system design we have submitted will deliver 
the UVDGM validated dose of 40mJ/cm2. 

Dr Paul Monis and his team of the Australian Water Quality Centre (AWQC) undertook the 

biodosimetry and collimated beam testing as part of the validation process in Adelaide. 

UV System Performance 

If the effluent quality can be guaranteed as a minimum of 80% uvr and the level of 

suspended solids is a maximum of 5ppm and turbidity is no greater than 2NTU, we can 
guarantee the required 0.5 log reduction in Adeno and 4 log reduction in Cryptosporidium. 

This UV Reactor design is oversized to meet the stringent requirement of meeting the above 
design guidelines and the close to 4-log reduction in microorganisms. If the uvr is higher as 

would be expected from the upstream MBR process and UF system, higher flows through the 
UV system would be possible. 

Cleaning Process 

One of the key advantages of the non-contact UV disinfection system is the absence of 

regular, required cleaning. The AFP840 tubes that carry the effluent have a very low surface 

charge. This means that dissolved salts such as calcium and magnesium do not foul the 
internal surface of the tube. This ensures maximum UV radiation treatment of the effluent as 

it flows through the AFP840 tubes. 

Also the turbulent flow inherent in our UV disinfection system provides an automatic cleansing 

effect on the internal surface of the AFP840 tubes thereby removing any settled solids. Many 
of our existing installations have not required a clean in years of continued operation with 

similar or lesser effluent quality. 

Minimal cleaning is the hallmark of our UV disinfection systems. This is a critical advantage 
and key differentiator for our design and translates to considerable savings in running costs. 

Capacity 
As part of this proposal, we are recommending two UV Reactors installed in parallel to achieve 

the peak flow of SL/s. The UV Reactor has been configured in a 'serpentine' configuration that 

allows for considerable footprint savings and a compact system. With two UV Reactors in 

parallel, there is redundancy for maintenance and allowance for flow pacing. 

Our non-contact design can easily cater for changes in peak to average to no flow situations 

without any adverse effects on the UV lamps. This is a significant advantage over traditional 
quartz sleeve systems. 
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COMMERCIAL IN CONFIDENCE 

UV Reactor Operation 

In normal operation, the UV Reactors will be active. Based on the flow signalling from the 

plant SCADA, the UV Reactor# 1 will have all the lamps in operation to achieve the necessary 

log reduction in microorganisms. As flow exceeds 4L/s, UV Reactor # 2 will be operational. 

This flow pacing mechanism will lead to considerable power savings, as only the required 

lamps will be in operation. 

It should be noted that we do not anticipate frequent UV lamp or ballast failures. A complete 
UV Reactor failure will be an extremely unlikely scenario. Note that with two parallel flows, a 

complete plant shutdown is not necessary for lamp changes or any maintenance. 

The level of suspended solids (more than 20ppm), turbidity (greater than 2NTU) and metal 

particles (iron greater than 0.5ppm) will impact effluent UVT and thereby UVI. It is critical that 

such factors are controlled and within the design limitations. 

SCADA and Control Requirements 

The UV system will have a common control cabinet from Rittal (400mm x 400mm). A 

common touch-screen HMI will be provided for all operational needs. The system can be 
interconnected to existing plant controls over ethernet. Furthermore, it can be remotely 
monitored over the Internet. 

Display data provided at a glance on the HMI: 

0 Operational status of individual reactors and error signals 

0 Individual lamp and component status 

0 Advanced signal for lamp service or replacement 

0 UVT measurements 

0 Ambient reactor temperature and individual components 

0 Individual lamp and system run hours 

0 System flow rate 

Instrumentation provided by us: 

0 UVI monitor 

0 Temperature sensors to measure reactor health 

0 Relays to activate heat exchangers 

Based on an analog signal from a flow meter, our system will undertake flow pacing. This 
means that only the required lamp racks will be operational. 
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Quality Workmanship 
& Low Maintenance 

Systems 

COMMERCIAL IN CONFIDENCE 

The proposed systems will have base frames manufactured from "hot dippedw galvanised 

steel, body fabrication, internal component work done in our Glynde site in Adelaide, Australia. 
The finishing work, wiring, quality assessment, design specification checks and final testing 

will also be undertaken at our Glynde site in Adelaide before delivery to site. Orica Watercare 

(UVTA) operates with the Six Sigma principles for quality management to ensure that the final 

UV disinfection system meets all required specifications in a timely manner. 

Orica Watercare (UVTA) has a strict Safety, Health and Environment policy and will undertake 

any work on site under a clearance to work process. All potential risks will be identif ied and an 

action plan to manage the risks will be implemented before work starts. A training package 

specific to the system will be developed and delivered by our commissioning personnel. 

Cleaning System 

As our UV disinfection is a non-contact design and does not use quartz sleeves, there is no 

need for automated wiper systems. As mentioned before, our only potential cleaning need 

would be a high-pressure water wash to clean the internal walls of the AFP840 tubes. 

Replacing UV Lamps 

Since each of our lamp stages is self-contained and modular, a lamp replacement in one 

stage can be carried out quickly. Similarly, our lamp racks are self-contained and in case of 

failure can be changed quickly. This modular aspect of our UV disinfection systems leads to 

quick and painless maintenance. 

Since the UV Reactor proposed offers flexibility with two parallel flows, a complete plant 

shutdown is highly unlikely. The expected downtime from UV system issues is insignificant. 

Lamp Life 

The UV lamps used in our reactors are rated for greater than 80% output at 10,000hrs. As the 

lamp approaches its end of life, the Touchscreen on the Control Cabinet provides an advanced 

warning. This serves as a reminder to order and prepare for lamp replacements. We have 

existing arrangements with a recycling company (IS04001 accredited) in Melbourne, Australia 

who dispose the used lamps in an environmentally responsible manner. The cost for this 

disposal service is included as part of our proposal as long as the replacement UV lamps are 

ordered from us. The lamp replacement process is described above. 

Further steps will be outlined in the Instruction Manual and will be adequately explained in the 

training program for the plant operators. 
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CRITERIA 

Make 

System 

UVT%. 

Peak Flow Rate (Us) 

Validated UV Dose 

#Reactors 

# Lamp Stages I Reactor 

# AFP Tubes I Reactor 

# Lamps I Reactor 

# Ballasts I Reactor 

Headloss (mm) 

Max Pressure (kPa) 

HMI Touchscreen 

Cooling System 

Controls I Instrumentation 

UV Enclosure 

Total Power Draw (kW) 

Power Supply 

Redundancy(%) 

Conceptual Drawings 

UVLAMP 

Rated Hours 

UV Output (watt.s) 

Power Usage (watts) 

Arc Length (mm) 

USEPA 2006 VALIDATED 
UV DISINFECTION SYSTEM 

0.5 LOG IN ADENO /4 LOG IN CRYPTO 

FIGURES 

Orlca Watercare 

Two UV Reactors In Pipe 

so 

4 (Two required) 

>40mJicm~ 

2 

6 

6 

16 

s 

<1000 

450 

1 (Footprint 2.5m x 2.5m) 

5 (Both UV Reactors) 

240V 

50 (at peak flow) 

Drawing NIR0-001 

NOTES 

Fabrication, assembly and QA in Adelaide 

UV Reactors installed in parallel 

Critical design setpoint but expected to be higher 

Two such reactors will service the full flow of SUs 

0.5 Log in Adeno, 4 Log in Crypto as per USEPA 

For the entire flow stream of SUs 

UV Reactor has 6 self-contained lamp stages 

60mm in diameter, non-corroding, non-fouling AFP 
tubes will carry the process flow in a serpentine 
arrangement in a column 

Lamps arranged on sides of the AFP tube column 

Banasts enclosed in the UV Reactor 

At maximum flow 

Critical design setpoint 

UL508A rated cabinet for controls I circuitry I HMI, 
common to both units (600mm x 600mm) 

Thermostatically controlled UV Reactors with fans 

System can be connected to the plant SCADA over 
ethernet using MODBUS. Display data includes status 
messages, error conditions, lamp and system run 
hours, flow rate, UVT measurements. 

Any enclosed space such as a shed would suffice 

Includes UV Lamps, fans, system controls 

At most 1 0 amps will be drawn at system start-up 

Allows for turn-down for marntenance or lower flows 

Refer for further details and clarification 

ELECTRONIC BALLAST SUPPLIED INSTRUMENTATION 

10000 Voltage(± 10% V) 1 00 - 270 UVI Sensors I Reactor 

55 Operating Freq (Hz) 50 - 150 Cooling System I Reactor 

155 Power Efficiency(%) 95 Control Panel/ System 

1400 Temp Protection (C) 75 HMI Touchscreen I System 
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A The two UV Reactors can be installed really close (100mm), A 

but allowance should be made on either sides for access (300mm) 
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Appendix 4.2.15  Reject Pond Water Balance Report 
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1 Introduction	

Solo Water has entered into an agreement with the Rose Property Group to provide an integrated 
water, sewerage, recycled water and retail service provider solution for the approved residential 
subdivision at Catherine Hill Bay.  The provision of private water services is permitted under the 
Water Industry Competition Act (New South Wales Government, 2006) and is administered by the 
NSW Independent Pricing and Regulatory Tribunal (IPART).    

Once approved the scheme will be 100% owned, operated and maintained by the Catherine Hill Bay 
Water Utility (CHBWU) and funding of the scheme will be provided through rating of individual 
customers in the scheme as is the case with conventional water authorities.  The CHBWU will take on 
all risks associated with the scheme and will operate the scheme in accordance with the license 
issued by IPART. 

Harvest Water Management Consultants Pty Ltd was engaged by Solo Water to assist with the 
preparation of the IPART application and associated investigations.  This Reverse Osmosis (RO) Reject 
Evaporation Pond Water Balance report has been prepared to demonstrate an effective method for 
managing RO Reject waste water from the Stage 2 Advanced Water Treatment Plant (AWTP) using a 
low energy method comprising of a Vetiver wetland and evaporation ponds.  Details of the proposed 
strategy, modelling and results are outlined in this report. 

 

1.1 Project	Scope	
The scope of this investigation is to: 

 Develop a low energy onsite RO reject waste management strategy based on an 
evapotranspiration wetland and evaporation ponds; 

 Undertake water balance modelling to demonstrate the proposed evaporation ponds are 
appropriately sized to avoid frequent overflow events; 

 Demonstrate through water balance modelling that the proposed strategy will not result in 
significant environmental impacts or frequent overflow events. 
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2 Background	

2.1 Site	Location	
The proposed scheme is located inside the approved footprint of the Catherine Hill Bay residential 
subdivision at Montefiore Street, Catherine Hill Bay in New South Wales.  The site is located at the 
southern end of the Lake Macquarie City Council region. An overview of the approximate site 
location is provided below in Figure 2.1. 

 

 

Figure 2.1: Site Location (source: Google Maps) 

2.2 Waste	Water	Source	and	Characteristics	
The CHBWU will supply potable and non‐potable water to individual houses in the scheme under a 
dual reticulation arrangement.  The source of non‐potable water is domestic wastewater generated 
inside the CHBWU scheme.   

All non‐potable water supplied in the dual reticulation is treated in a Membrane Bioreactor followed 
by treatment in the Advanced Water Treatment Plant (AWTP).  The AWTP uses Ultrafiltration 
membranes, ultraviolet disinfection, chlorine contact and salinity control using a side stream reverse 
osmosis (RO) process.  The RO process for salinity control is required to ensure long term 
accumulation of salt in the recycled water supply system does not occur.  For further information on 
the AWTP including process flow diagrams and layout plans refer to Appendix 4.2.1 and Appendix 
4.2.3 in the IPART application. 
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The side stream RO process produces a concentrated waste stream that must be managed onsite in a 
sustainable manner.  The production of waste concentrate is proportional to flow through the AWTP 
and feed water salinity.   

The AWTP has a nominal design capacity of approximately 200 kL/day with approximately one‐third 
of the flow treated in the side stream RO process.  To minimise reject generation the RO process will 
be designed with a recovery rate of 85%. The system is therefore estimated to produce 
approximately 7.7 kL/day of RO reject with Total Dissolved Solids (TDS) concentration of 
approximately 4700 mg/L.  This corresponds to a salt concentration of approximately one‐seventh of 
sea water strength. 

This waste stream will be managed onsite using a low energy system comprising of a vetiver grass 
evapotranspiration wetland and 2 x 2000 m2 evaporation ponds. The strategy is discussed in the 
following sections of the report. 

. 
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3 Overview	of	Proposed	Reverse	Osmosis	(RO)	Reject	
Management	Strategy	

A schematic overview of the proposed RO reject waste management system is provided below in 
Figure 3.1.   RO reject wastewater will be managed with a number of measures that are outlined in 
the following sections including: 

 RO Reject waste minimisation strategy; 
 Evapotranspiration wetland planted with salt tolerant Monto Vetiver grass; 
 Evaporation ponds; 
 Final disposal of brine concentrate and salt residue to approved landfill facility. 

2000 m2

RO REJECT
EVAPORATION 
POND No. 1

OFFSITE DISPOSAL OF 
SALT RESIDUE/SURPLUS BRINE 
TO APPROVED FACILITY USING 
LICENSED WASTE CONTRACTOR

500 m2 RO REJECT EVAPO‐
TRANSPIRATION WETLAND. 

SALT TOLERANT 
VETIVER GRASS

WETLAND 
SUMP

2000 m2

RO REJECT
EVAPORATION 
POND No. 2 

MISTING SPRAYERS MISTING SPRAYERS

LS LSECEC

 

Figure 3.1: Reverse Osmosis Reject Management Process Flow Diagram 
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3.1 RO	Reject	Waste	Minimisation	Strategy	
The volume of RO Reject waste water will be minimised through implementation of waste 
minimisation measures.  Details of the waste minimisation strategy measures are included below in 
Table 3.1. 

Table 3.1: RO Reject Waste Minimisation Strategy Measures 

Measure  Description 

Residential supply 
agreements 

Mandatory new customer contracts and access agreements that outline the 
responsibilities of the resident with regard to appropriate water usage, waste and 
chemical management practices. 

Trade waste 
agreements 

Mandatory trade waste agreements for each commercial customer that outline the 
responsibilities of the commercial tenant with regard to appropriate water usage waste 
and chemical management practices. 

Ongoing monitoring 
and awareness 
education 

Ongoing monitoring of raw wastewater and effluent flows, salt concentrations and 
other contaminants.  Ongoing awareness and communication with existing customers 
through additional information provided at each billing cycle. 

Maximum recovery 
rate 

A recovery rate of 85% from the reverse osmosis (RO) process has been designed into 
the system producing a waste stream of approximately 7.7 kL/day with TDS of 4,700 
mg/L.  This is the maximum recovery rate possible without excessive energy 
consumption and capital costs.   

3.2 Monto	Vetiver	Grass	Evapotranspiration	Wetland	
The RO reject waste stream will flow to a 500 m2 subsurface flow Vetiver wetland where natural 
processes will reduce the volume of water and uptake some of the nutrients from the waste stream 
prior to being discharged to the evaporation ponds. 

Monto Vetiver is a salt tolerant crop with high evapotranspiration and nutrient uptake rates.   It is 
estimated on average the vetiver wetland will lose approximately 3 mm/day to evapotranspiration, 
thus reducing inflow to the evaporation ponds by approximately 1.5 kL/day with no reduction in salt 
load.  The resulting outflow from the wetland to the evaporation ponds is estimated to be 6.2 kL/day 
with TDS of 5,800 mg/L. 

The salinity threshold for Monto Vetiver grass is approximately 5300 mg/L TDS (Truong, Gordon, & 
Armstrong, 2002).  At salt concentrations above this point reductions in yield occur.  A 50% reduction 
in yield for Vetiver grass occurs at salt concentration of approximately 13,000 mg/L TDS.   At the 
estimated outflow concentration from the vetiver wetland of 5,800 mg/L, plant yield is expected to 
reduce to approximately 95%.  The wetland is therefore not expected to be significantly impacted by 
salinity provided that salt is evenly flushed through the wetland.  

The Vetiver wetland will include the following: 

 500 m2 salt tolerant Monto Vetiver grass; 
 Subsurface flow to promote flushing and to avoid accumulation of salt; 
 Coarse gravel (say 20‐30 mm) at the inlet and outlet ends, and pea gravel (say 10 mm) used 

through the wetland matrix. The use of soils and clays should be avoided to minimise salt 
absorption/accumulation in the wetland; 

 HDPE lined to minimise seepage to groundwater; 
 Outlet sump with pump and level monitoring to control flows out of the wetland. 
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3.3 Evaporation	Ponds	
Water from the vetiver wetlands will be pumped in a controlled manner to two evaporation ponds 
that will be operated on an alternating fill and dry cycle.  Each pond will have a total depth of 1.5 
metres and a surface area of 2000 m2.   

The ponds will be filled one at a time to a maximum depth of 1.2 metres and then rested to allow 
stored water to evaporate.  Filling to 1.2 meters provides a 0.3 metre freeboard to allow for heavy 
rainfall during the drying out period. Evaporation rates in the pond will be maximised through the 
use of a spray misting system and black HDPE liner.  Once the pond is dried out accumulated salt 
residue and brine concentrate will be transported off site to the nearest accepting waste 
management facility by licensed Solo Waste Recovery vehicles.  Details of the evaporation ponds are 
as follows: 

 Total surface area of 4000 m2 made up of 2 x 2000 m2 ponds; 
 Total pond depth of 1.5 metres with a fill depth of 1.2 metres and 0.3 metre freeboard; 
 Black HDPE liner to avoid seepage to groundwater and to increase the solar absorption and 

water temperature in the pond; 
 Low level sump at one end using a standard stormwater pit to allow emptying of the pond 

for clean out, salt/brine removal and maintenance; 
 Spray misting system around the perimeter of the pond to increase evaporation rates.  

3.4 Operational	Management	
Under normal operating conditions, the evaporation ponds have been designed so that only one 
pond receives flow until the level in the pond reaches 1.2 m (0.3 m of freeboard), then the flow is 
diverted to the second pond and the first pond is allowed to dry out via evaporation.  Operational 
management strategies to avoid overflows occurring, to enable removal of concentrated brine and 
precipitated salt and for monitoring and continuous improvement are described in Table 3.2 below.   

Table 3.2: Operational Management Strategies 

  Description 

Normal Pond 
Cycling 

 Only one pond receives inflow at a time. 

 Each pond receives inflow until the maximum fill level of 1.2 meters is reached, following 
which the pond is rested to allow stored water to evaporate over the next 1‐2 years. 

 The rested pond does not receive inflow until the water level has reduced sufficiently to 
allow the pond to be cleaned out with all salt and brine concentrate removed for offsite 
disposal. 

Overflow 
Management 

 If prolonged heavy rain causes pond level to fill within the 0.3 m freeboard and approach 
overflow level, a high level alarm will be raised to allow the operator appropriate time to 
undertake the necessary actions required to prevent overflow. Water balance modelling 
discussed in Section 4 shows this is predicted to occur less than once in 4 years on average. 

 If required Solo Waste Recovery trucks will be used to remove water from the full pond to 
ensure no over flow occurs.  Water will be transported offsite to the nearest accepting 
licensed waste facility. 

 Trucks will be notified and appropriate time allowed to avoid any overflow occurring.  

 In operation decisions can be made to avoid overflows by other means, e.g. transfer of water 
between ponds, temporarily store water in the free board in the vetiver wetland, turn off the 
AWTP and use potable water in the non‐potable water network. 
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  Description 

Salt/Brine 
Management 

 Concentrated brine and salt precipitate will be removed from the rested pond once it has 
sufficiently dried out; 

 Solo Waste Recovery trucks will be used to remove the final waste products from the ponds 
and transport it to the nearest accepting licensed waste facility; 

 Each pond will be cleaned out and the majority of salt residue removed before bringing the 
pond back online to receive inflow. 

Monitoring   Continuous online monitoring of water level in the Vetiver wetland and each evaporation 
pond with adjustable alarms will be set at the following pond levels: 

o Pond empty < 0.1 metres 
o pond fill level >1.2 metres 
o Pond high Level >1.3 metres 
o Pond overflow imminent >1.4 metres 

 Flow meters to measure daily flows into and out of the Vetiver Wetland and into and out of 
each evaporation pond to refine the site water balance; 

 Electrical conductivity monitoring of MBR effluent, RO reject water and in each pond; 

 Records of volumes/weight of brine/salt removed by road tanker for offsite disposal; 

 Rainfall monitoring onsite using an automatic weather station. 
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4 Water	Balance	Modelling	

A daily time step water balance model using 100 years of rainfall data was setup in Microsoft Excel to 
simulate the water and salt balance in the two evaporation ponds.  The performance of a number of 
different scenarios was investigated in the modelling exercise, however only details of the adopted 
option have been included below. 

4.1 Modelling	Inputs	&	Assumptions	
A summary of the adopted input parameters and assumptions used in the modelling is presented 
below in Table 4.1. 

Table 4.1: Model Input Parameters & Assumptions 

Parameter  Value Adopted  Description 

RO reject 
characteristics 

7.7 kL/day  
@4200 mg/L TDS 

AWTP nominal production capacity of approximately 200 kL/day with 
around one third of flow undergoing treatment in the RO system. 
RO system recovery rate of 85%. 

Vetiver wetland  
evapotrans‐
piration 

3 mm/day  
on average 

3 mm/day adopted as an average daily evapotranspiration loss from the 
wetland, which equates to a 1500 L/day volume reduction for the 500 m2 
wetland.   
No reduction in salt load was assumed through the wetland hence wetland 
outflow was estimated to be approximately 6.2 kL/day @ 5800 mg/L TDS. 

Pond Inflow 
characteristics 

6.2 kL/day 
@5800 mg/L TDS 
3.1 kL/day  
@5800 mg/L TDS  
(wet days) 

Inflow to the ponds water assumed to be the outflow from the Vetiver 
wetlands with no losses. 
On days with more than 3 mm of rain, pond inflow was halved to account 
for the reduction in recycled water generation that would occur on these 
days due to reduced irrigation demand. 

Pond Area 
2 x 2000 m2 ponds. 
Total area: 4000 m2  
 

Pond area is the maximum surface area when the pond is full at a depth of 
1.5 metres.   
Water surface area was calculated each day based on the volume of water 
in the pond. 

Pond Levels 
Total depth: 1.5 m 
Fill depth: 1.2 m 
Freeboard: 0.3 m 

Each pond is filled to a maximum depth of 1.2 meters before being rested 
to allow stored water to evaporate, thus leaving a 0.3 metre freeboard. 
Overflow occurs when pond level is above the maximum depth of 1.5 m. 

Climate Data^ 

Daily rainfall data 

100 years of daily Rainfall data 
* Station: Newcastle Nobbys Signal Station, BOM station # 61055 
* Mean annual rainfall = 1123.5 mm 
* Modelling Period: 01/01/1913 to 31/12/2012 
* Average monthly rainfall data can be found in Appendix A 

Average monthly 
evaporation data 

Daily mean Class A Pan Evaporation data 
* Station: Williamtown RAAF, BOM station # 61078 
* Mean annual evaporation = 1716.7 mm 
* Mean Monthly Evaporation data for period: 1974 to 2012 
* Average monthly evaporation data can be found in Appendix A 

Rainfall – 
Evaporation deficit 

Rainfall – Evaporation deficit = ‐593.2 mm/year which indicates that on 
average there is more evaporation than rainfall each year. 
Monthly rainfall‐evaporation deficit data can be found in Appendix A 
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Parameter  Value Adopted  Description 

Pond Factor  0.9 
A pond evaporation factor of 0.9 was adopted to account for the reduction 
in evaporation that would occur from a shallow HDPE lined pond 
compared with a standard Class A evaporation pan. 

Misting Factor  1.3 
A misting factor of 1.3 was adopted to account for the increase in 
evaporation that would occur with the use of a spray misting system that 
effectively increases the water surface area for evaporation to occur. 

Salinity 
Evaporation 
Factor 
 

1.00 – 0.56 

The salinity evaporation factors outlined below (Kokya & Kokya, 2006) 
were used to account for the reduction in evaporation that occurs with 
increasing salinity. 

Salinity  0‐0.2 g/L  40 g/L  80 g/L  160 g/L  350 g/L 

Salinity 
Evapo Factor  1.00  0.94  0.81  0.69  0.56 

Salinity in the model is calculated daily after inflow and rainfall to 
determine the appropriate Salinity Evaporation Factor for that day based 
on interpolation of the above data. 

Total 
Evaporation  Calculated daily 

Evaporation was calculated each day in the model after rainfall and inflow 
was added to the pond. 
Pond Evaporation =  
Pan Evaporation x Pond Factor x Misting Factor x Salinity Factor 

Removal of 
brine/salt 
residue 

20 kL  The modelling assumed that the pond was cleaned out and all brine and 
salt residue removed when the volume in the pond fell below 20 kL. 

Daily water balance modelling was undertaken based on the data presented above in Table 4.1, 
modelling results are presented below in Section 4.2. 

4.2 Modelling	Results	
A summary of the average water balance results over the 100‐year modelling period for the  
2 x 2000 m2 evaporation ponds is outlined below in Table 4.2.  

Table 4.2: Summary of average water balance results. 

 Measure  Units  Pond 1  Pond 2  Total 

Pond 
Water 
Balance 

RO Reject Inflow Volume  kL/Year  1,318.4  738.8  2,057.2 

Rain Volume  kL/Year  2,200.2  1,219.2  3,419.5 

Evaporation Volume  kL/Year  3,503.4  1,920.6  5,424.1 

Overflow Volume removed  kL/Year  0.3  34.1  34.4 

Concentrated Brine removed  kL/Year  3.4  3.3  6.7 

Change in Pond Volume  kL  11.5  0.0  11.5 

Overflow 
Statistics 

Volumetric overflow percentage  % of inflow  <0.03%  <4.61%  <1.67% 

No. of overflow events per 100 years  Events/100 yrs  2   23    25 

No. of overflow days per 100 years  Days/100yrs   3    216    219 
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 Measure  Units  Pond 1  Pond 2  Total 

Average duration of overflow events  Days  1.5  9.4  8.8 

Maximum duration of overflow events  Days   2    62    62 

Average salinity of overflows  mg/L   11,724    8,748    8,778 

Brine 
removal 

No. of days where salt residue/brine 
concentrate removed from pond   Days/100yrs  18  18  36 

As shown above in Table 4.1 the proposed evaporation ponds are predicted to overflow 
approximately 35 kL per year on average, which represents less than 1.7% of pond inflow.  This could 
be managed with an average of 2 x 20 kL road tankers per year.  Average salinity of overflow water 
was shown to be approximately 8,800 mg/L, or around ¼ of sea water strength. 

In reality the overflow events do not occur every year but are concentrated to periods of heavy 
rainfall approximately every 20 years.  During the 100‐year modelling period there was 25 overflow 
events spread across 219 days, which equates to 1 overflow event every 4 years lasting for 9 days on 
average. The longest overflow event lasted for 62 days and occurred during the wet period in 1963. 

The 25 overflow events are clustered into 5 distinct periods over the 100 year modelling period as 
shown below in Figure 4.1 that shows a plot of pond water level verses time.   These overflow 
periods correspond to years with above average rainfall with the worst overflows occurring in 1950 
and 1963 when annual rainfall was above the 95th percentile (see Appendix A for BOM rainfall data). 

 

Figure 4.1: Pond Depth vs. time for the 100‐year modelling period. 
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During the worst overflow event in June‐July 1963 (one of the wettest years on record) the overflow 
event lasted for 62 days with total overflow volume of approximately 700 kL.  In operation this would 
require approximately 35 x 20 kL trucks visits over the 62‐day overflow event or around 1 truck visit 
every 1‐2 days.   

When a pond is being rested the modelling assumed all concentrated brine and salt residue would be 
removed when the volume of water in the pond falls below 20 kL.  This occurred 18 times for each 
pond through the modelling period, which equates to about one 20 kL tanker every 2 to 3 years, or 
6.7 kL/year as indicated in Table 4.2.  

To illustrate the performance of the ponds and the amount of time at various critical pond depths, a 
Percentile chart of the pond levels with time is illustrated below in Figure 4.2.  

 

Figure 4.2: Pond Depth Percentile Chart 

It can be seen in Figure 4.2, Pond 2 is empty almost half of the time because Pond 1 has been setup 
as the default receiving pond for modelling purposes and receives flow as soon as it has been 
emptied.  Overflows occur for less than 1% of days in the modelling period and pond depth is greater 
than 1.2 m for less than 4% of days in the modelling period. 
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5 Conclusions	

Harvest Water Management Consultants Pty Ltd was engaged by Solo Water to develop a strategy 
for the sustainable onsite management of RO Reject wastewater from the proposed Advanced Water 
Treatment Plant that will supply Class A+ recycled water to customers in the Catherine Hill Bay Water 
Utility scheme.   

The proposed waste management strategy includes waste minimisation processes, a 500 m2 
evapotranspiration wetland planted with salt tolerant Monto Vetiver grass and 2 x 2000 m2 
evaporation ponds. 

The evaporation ponds were sized to minimise the potential for overflow events so that any required 
offsite management during extreme wet weather would be infrequent and manageable using Solo 
Waste Recovery licensed waste vehicles.   

Water balance modelling of the proposed RO reject management system has indicated that overflow 
events are expected to occur on average once every 4 years and last for 9 days.  Water balance 
modelling indicates overflow events would account for less than 1.7% of the inflow volume to the 
ponds and would occur on less than 1% of days. These events are concentrated to periods of high 
rainfall every 10‐20 years.   

The proposed RO reject waste management system is therefore considered sustainable and unlikely 
to result in significant environmental impacts or risks to the local environment. 
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Appendix A 
BOM average monthly climate data. 

 

Rainfall Data all years (1862‐2013) ‐ Station: Newcastle Nobbys Signal Station, BOM station # 61055 

Statistic  Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec  Annual 

Mean  88.4  107.9  119.6  116.0  117.3  117.1  94.6  73.6  72.5  72.9  70.5  81.1  1123.5 

Lowest  2.0  0.5  2.8  0.0  2.1  0.8  0.0  0.0  0.8  4.6  2.4  4.6  596.9 

5th %ile  15.9  11.5  23.9  17.0  15.5  17.1  11.4  6.1  9.9  10.7  9.1  15.7  765.1 

10th %ile  24.4  19.6  29.9  26.3  23.5  22.1  15.9  12.6  16.5  17.1  14.8  21.0  794.2 

Median  70.3  88.0  94.8  91.7  103.4  93.2  80.4  57.7  57.2  63.8  65.1  62.8  1048.4 

90th %ile  174.6  213.9  242.4  235.4  228.9  245.6  198.3  139.5  146.4  141.1  135.0  155.1  1541.6 

95th %ile  228.2  273.0  336.1  296.3  301.5  300.0  244.8  191.8  188.2  173.9  173.0  200.8  1625.6 

Highest  404.0  559.2  544.4  546.4  441.3  495.8  351.1  545.3  283.1  277.5  203.9  326.5  1919.4 

Evaporation Data for period: 1974 to 2012 ‐ Station: Williamtown RAAF, BOM station # 61078 

Mean  213.9  175.2  151.9  114.0  83.7  75.0  80.6  111.6  141.0  170.5  189.0  223.2  1716.7 

Monthly Rainfall – Evaporation Deficit 

Mean deficit  ‐125.5  ‐67.3  ‐32.3  2.0  33.6  42.1  14.0  ‐38.0  ‐68.5  ‐97.6  ‐118.5  ‐142.1  ‐593.2 

90th %ile deficit  ‐39.3  38.8  90.5  121.4  145.2  170.6  117.7  27.9  5.4  ‐29.4  ‐54.0  ‐68.1  ‐175.1 

Note: Daily rainfall data was used in the modelling exercise, monthly data is presented above for information only. 
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