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particle analysis was performed on each sample using a Brightwell Micro-Flow Imager 

on high resolution.  A photo of the bench scale setup is shown in Figure 3.5. 

 

Figure 3.5  Bench-scale experimental setup 
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3.6  Statistical Analysis 

3.6.1  Factorial Design 

Factorial design analysis was used to design pilot-scale and bench-scale experiments.  A 

factorial designed experiment is an efficient way of assessing if an independent variable 

causes a response and the significance of that response.  It has the advantage of providing 

a large amount of information with the minimum amount of experiments.  A design 

matrix is used to separate the responses of each factor by the high and low level values.  

The size of the design matrix is chosen based on the level and number of factors 

(Berthouex and Brown, 2002).  

 

Experimental data for all factorial designs was analyzed using Minitab 16.  This program 

determined which factors, or interactions of factors, had a statistically significant 

influence over each response.  Significance is determined using the P-value.  All of these 

experiments accept that if the P-value is less than 0.05, the factor, or interaction, is 

statistically significant.  This means that there is a 95% chance, or higher, that the factor 

is actually playing a significant role in influencing the response.     

 

3.6.2  Method Detection Limit 

The method detection limit (MDL), or limit of detection, determines the variability that 

exists within a measurement method.  It provides the minimum amount of a substance 

that an instrument can measure and report with 99% confidence  (Berthouex and Brown, 

2002).  The MDL for the Melvern Zeta Sizer was calculated using the USEPA method, as 
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described by Berthouex and Brown (2002).  Results from this analysis were used to 

determine the instrumental measurement error. 

 

Using filtered water from the JDKWSP, two sets of 10 replicates were processed in the 

Melvern Zeta Sizer.  Combining two sets allowed for an improved (pooled) estimate with 

ν = 18 degrees of freedom.   

 

The variance between each of the replicate measurements and pooled variance was 

calculated using equation 1 and 2.  An F test can be used to determine if both sets can be 

pooled.  The results can only be pooled if the ratio of the variances for both sets are less 

than Fv,v.  Results are shown in Table 3.2.   

Equation 1 

 

Equation 2 

 

 

The MDL was then calculated using a t-distribution for 99% confidence and a standard 

deviation estimate α = 0.01 and ν = 18 degrees of freedom.  Equation 3 was used to 

calculate the MDL.  Results are shown in 3.2.     

Equation 3 
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Table 3.2  Results from Melvern Zeta Sizer instrument method detection limit using 
JDKWSP filtered water 

 Set 1 Set 2 Pooled 

s2 4.17 5.29 4.73 

s 2.04 2.30 2.17 

ν 9 9 18 

F 3.18 - 

t 2.821 2.552 

MDL 5.75 mV 6.49 mV 5.54 mV 

 

 

3.6.3  Tukey’s Method 

Tukey’s Method was used to assess the variability between each of the bench-scale 

filters.  Tukey’s Method is similar to performing multiple t-tests.  Differences calculated 

between the means of each filter can be compared with a two-sided 95% confidence 

interval known as a “Studentized Range Statistic”, qk,v,α/2.  Using a pooled variance, s2
pool, 

the confidence interval for the difference between yi and yi+1 can be found.  It is 

calculated using the following Equation 4 (Berthouex and Brown, 2002). 

Equation 4 

yi − yi+1 ±
qk,v,α /2
2 spool

1
n +

1
n  

Tukey’s Method was used to evaluate which filters are behaving the same and which are 

behaving differently, with respect to each response.  Using the same backwash water for 

each test (control), it was determined if any filter was behaving differently.  Ripening 

time and run time were the same for each filter (5 minutes and 180 minutes, 
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respectively).  Tukey’s Method was used to determine if the filters behaved differently 

with respect to maximum turbidity during ripening. The results are displayed in Table 

3.3.  

 
Table 3.3  Tukey’s Method results showing that when looking at maximum turbidity 
during ripening for each of the bench-scale filters 

 

 

Using Equation 5, the difference in the true means with 95% confidence was determined 

as: 

Equation 5 

  −0.0233≤ yi − yi+1 ≤ 0.0233   

This shows that none of the filters are behaving differently when looking at maximum 

turbidity during ripening.   
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CHAPTER 4:     RESULTS AND DISCUSSION 

4.1  Microbial Monitoring (Full-scale) 

During the ripening period, filtered water was collected and analyzed for the presence of 

E. coli, Cryptosporidium, and Giardia.  Sampling was performed during the first hour 

after the filters were placed back online after a backwash.  Each sampling period captured 

the highest turbidity spike during ripening which was considered to be the most 

vulnerable period for microbial passage.   

 

Source water samples were collected by Halifax Water operators and analyzed for E. coli, 

Cryptosporidium, and Giardia.  Data from this sampling program was used as a 

comparison with ripening data to assess the total risk of microbial passage through the 

filters and into the distribution system.  These results are discussed in the following 

sections.  Results are presented as detects and non-detects.  pH and turbidity were 

monitored during all sampling periods  pH varied slightly between 5.8 and 6.1 throughout 

the entire sampling campaign.  Turbidity mostly remained below 0.1 NTU with the 

highest spike occurring on January 26, 2010 and reaching 0.11 NTU.  Turbidity during 

sampled ripening events falls within an acceptable range of less than 0.2 NTU. 

 

4.1.1  E. coli Monitoring 

Microbial sampling of E. coli was conducted for both source water and filtered water.  

There were 108 total samples collected during filter ripening over a 12-month period.  

Three samples were collected from each filter and three filters were sampled each month.  
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Halifax Water operators at the JDKWSP sampled source water continuously for E. coli.  

For this analysis, 48 samples were taken bi-weekly over a 2-year period.   

 

The results from each of these sampling periods show zero detections of E. coli for both 

filtered water during ripening and source water samples.  These results are summarized in 

Table 4.  Given the pristine source water quality, results indicate a low risk of E. coli 

presence in source water.  Source water quality and results from filtered water during 

ripening indicate a low risk of microbial passage into the distribution system during the 

most vulnerable portion of the filtration cycle.  The results of this study demonstrated that 

installing filter-to-waste infrastructure will pose no benefit to the facility in protecting 

public health.     

 

4.1.2  Cryptosporidium Monitoring 

Microbial sampling of Cryptosporidium was conducted for both source water and filtered 

water.  There were 36 total samples collected during filter ripening over a 12-month 

period.  One sample was collected (continuously for each ripening period) per filter and 

three filters were sampled each month.  Halifax Water operators at the JDKWSP sampled 

source water for Cryptosporidium.  For this analysis, 36 samples were analyzed.   

 

The results from each of these sampling periods show zero detections of Cryptosporidium 

for both filtered water during ripening and source water samples.  These results are 

summarized in Table 4.1.    Given the pristine source water quality, results indicate a low 

risk of Cryptosporidium presence in source water.  Source water quality and results from 
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filtered water during ripening indicate a low risk of microbial passage into the 

distribution system during the most vulnerable portion of the filtration cycle.  Installing 

filter-to-waste infrastructure will pose no benefit to the facility in protecting public 

health.     

 Table 4.1  Result summary from microbial sampling campaigns 

  
Number of Detects 

E. coli Cryptosporidium Giardia 
Source Water 0 (n=48) 0 (n=24) 0 (n=24) 
Filtered Water 0 (n=108) 0 (n=36) 0 (n=36) 

 

4.1.3  Giardia Monitoring 

Microbial sampling of Giardia was conducted for both source water and filtered water.  

There were 36 total samples collected during filter ripening over a 12-month period.  One 

sample was collected (continuously for each ripening period) per filter and three filters 

were sampled each month.  Halifax Water operators at the JDKWSP sampled source 

water for Giardia.  For this analysis, 36 samples were analyzed.   

 

The results from each of these sampling periods show zero detections of Giardia for both 

filtered water during ripening and source water samples.  These results are summarized in 

Table 4.  Given the pristine source water quality, results indicate a low risk of Giardia 

presence in source water.  Source water quality and results from filtered water during 

ripening indicate a low risk of microbial passage into the distribution system during the 

most vulnerable portion of the filtration cycle.  Installing filter-to-waste infrastructure 

will pose no benefit to the facility in protecting public health. 
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4.2  Backwash Procedural Techniques (Pilot-scale) 

The effects of backwash procedural changes were observed in pilot-scale trials.  

Treatment conditions were held constant for the trial period.  Treatment chemicals were 

run the same as the full-scale conditions with lime increasing the pH to 10.  Potassium 

permanganate (KMnO4) was added to aid in the oxidation process.  Coagulant (aluminum 

sulphate) dose was 10 mg/L, floc pH targeted to be 5.3, and flocculation mixing speeds at 

60, 40, and 20 rpm.  Chlorine was dosed such that a residual of 0.05 mg/L remained after 

filtration.  Each filter consisted of 2 ft of anthracite and 1 ft of silica sand.  The same 

filtration rate was used for each filter and held constant at 2.36 L/min.  Previous work at 

the JDKWSP has shown that each of the pilot-scale filters were behaving the same, with 

respect to turbidity and other parameters.  This was shown using paired t-tests (Knowles, 

et al., 2012).       

 

Factorial Design 

Once each filter was shown to behave identically to one another, settings on each pilot 

filter were changed to represent experimental backwash procedures.  Although backwash 

settings varied between each of the three pilot filters, all other conditions and loadings on 

the filters were identical (i.e. premix, flocculation and coagulation, and filtration rates).  

Two factorial designed experiments were run throughout the winter and summer to gain 

an understanding of seasonal effects.  One of the experiments considered the effects of 

cleaning a filter during a backwash (backwashed until turbidity reached between 10 and 

20 NTU) and comparing it to current full-scale conditions (backwashed until turbidity 

reached less than 5 NTU).  The other experiment was performed to observe the effects of 
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extended terminal subfluidization wash (ETSW).  ETSW rates were chosen at 9.5 L/min 

and 5.5 L/min.  Since ETSW is intended to follow an optimized backwash, backwash 

turbidities of between 10 and 20 NTU and less than 5 NTU were incorporated in the 

experiment.  Results from the factorial analysis are presented in each section.   

 

4.2.1  Turbidity Analysis 

Using turbidity as the assessment parameter, maximum turbidity during ripening, 

ripening time, and total filtered volume, or bed volumes (BVs), and turbidity were ranked 

with respect to each experimental condition.  A filter is considered ripened once the 

turbidity drops below 0.2 NTU (Nova Scotia Environment, 2012).  Industry best practice 

strives to keep filtered water turbidity below 0.1 NTU at all times.  In conjunction with 

the 0.2 NTU treatment standard, this thesis also considered ripening time to be the length 

of time it takes for the turbidity to drop below 0.1 NTU after it is placed back in service 

following a backwash.  A filter run is complete once turbidity reaches over 0.2 NTU 

(breakthrough), which governs the amount of water produced during that run.  Unlike 

full-scale operation, pilot-scale filters were operated until after breakthrough as they, 

although in operation, were not supervised for 24 hours each day.  Inline turbidimeters 

were used to record this information.  

 

Turbidity profiles were created for each experimental condition.  Representative plots, 

taken from each sample set, were used to relatively compare ripening periods for ETSW 

and filter resting conditions.  These profiles were created for both winter and Summer 

trials and are shown in Figures 4.1 and 4.2.  
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Figure 4.1  Winter pilot-scale turbidity profiles during ripening for an ETSW and a 
resting procedural condition 
 

Ripening stages during Winter trials can be easily observed in Figure 7.  Similar trends 

were seen in all ETSW trials (non-rested) and were also seen in both rested conditions.  

Due to these trends Figure 4.1 has been simplified, showing only one ETSW trial and one 

rested trial.   Stage 1 of ripening occurred within the first few seconds of each filter run, 

independent of the backwashing condition.  It should be noted that Stage 1 had a longer 

duration at full-scale but this is likely a reflection of pilot-plant operational differences 

due to the scale.  Although maximum turbidity during Stage 2 varied for each condition, 

the duration was found to be within 0.1 hr (6 min), independent of the backwashing 

conditions.  An obvious observation was with Stages 3, and 4 of ripening.  Both 

conditions that used filter resting for 60 minutes and not employing ETSW showed 
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increased durations of Stages 3 and 4.  Although trends were similar, filter resting for 60 

minutes after a backwash reaching turbidity of less than 5 NTU (simulated full-scale 

condition) had a lower turbidity at these stages than the rested condition with backwash 

reaching turbidity between 10 and 20 NTU.  These stages were less apparent in turbidity 

profiles of conditions employing ETSW.      

 

 

Figure 4.2  Summer pilot-scale turbidity profiles during ripening for an ETSW and a 
resting condition 
 

Ripening stages during Summer trials can be observed in Figure 4.2.  Similar trends were 

seen in all ETSW trials (non-rested) and were also seen in both rested conditions.  Due to 

these trends Figure 7 has been simplified, showing only one ETSW trial and one rested 

trial.   Stage 1 of ripening occurred within the first few seconds of each filter run, 

independent of the backwashing condition.  Although maximum turbidity during Stage 2 

varies for each condition tested, the duration appears to be within 0.07 hr (4.2 min), 

independent of the backwashing condition.  Observation of Stages 3 and 4 are not 
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apparent in the Summer trials.  Comparing these observations to those seen in the Winter 

trials, the Summer trials observed a decreased turbidity and duration of these stages with 

every backwashing condition.   

 

Maximum turbidity during ripening was taken as the highest value recorded after a filter 

was placed online following a backwash but before turbidity dropped below 0.1 NTU 

(industry best practice).  The results for Winter and Summer trials are displayed in Table 

4.2 and organized by backwash procedure.  

Table 4.2  Maximum turbidity during ripening over winter and summer pilot-scale trials.  
Description of Backwash 

Procedure 
Winter Summer 

Turbidity (NTU) Turbidity (NTU) 
ETSW  
Rate 9.5 L/min 
BW turbidity < 5 NTU 

1.88 ± 0.14 1.11 ± 0.74 

ETSW 
Rate 5.5 L/min 
BW turbidity < 5 NTU 

1.29 ± 0.34 0.53 ± 0.17 

ETSW 
Rate 5.5 L/min 
BW turbidity 10–20 NTU 

1.57 ± 0.31 1.00 ± 0.79 

ETSW 
Rate 9.5 L/min 
BW turbidity 10-20 NTU 

1.72 ± 0.33 0.33 ± 0.15 

Rested 60 min 
BW turbidity < 5 NTU 
 

1.64 ± 0.36 0.68 ± 0.65 

Rested 60 min 
BW turbidity 10-20 NTU 
 

1.86 ± 0.21 0.88 ± 0.66 

 

Maximum turbidity during ripening consistently occurred within stage 2 of filter ripening 

for each trial and during the Winter and Summer trials.  Very little difference appears to 
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exist in the maximum turbidity for each backwashing condition during Winter trials.  

ETSW with a rate of 5.5 L/min and backwash turbidity of less than 5 NTU appears to 

have the lowest average maximum turbidity during ripening, but might not be statistically 

significant. More variation existed between average maximum turbidities in the summer 

than winter, however, the overall intensity is much less.  Two ETSW conditions have the 

lowest maximum turbidities.  ETSW with a rate of 9.5 L/min and backwash turbidity of 

less than 5 NTU was found to have the lowest average maximum turbidity during 

ripening, but might not be statistically significant.   

 

Data from the pilot-scale experiment were analyzed using Minitab 16.  Replicate 

responses varied from n = 3 and 8 for the Winter trials and from n = 2 and 9 for Summer 

trials.  This variance was due to unpreventable disruptions in ideal pilot operation.  An 

analysis of variance was performed for maximum turbidity data using adjusted sum of 

squares for tests.  The results of this analysis showed that season was a significant factor 

(α = 0.05, P = 0.000).  The interaction between ETSW rate and backwash turbidity was 

also found to be slightly significant (α = 0.05, P = 0.044).  All other factors and 

interactions were not found to be significant when looking at the effect of backwash 

procedure on maximum turbidity during ripening.  P-values for insignificant factors 

ranged from P=0.484 to P=0.812.  

 

 

The ripening times for Winter and Summer trials are displayed in Tables 4 and 5 and 

organized by backwash procedure.  Both industry best practice (below 0.1 NTU) and the 
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Nova Scotia Treatment Standard for Municipal Public Drinking Water Systems (0.2 

NTU) are considered for the assessment of ripening time.  Ripening time was considered 

to be the time it took for each filter to drop below 0.1 NTU (Table 4.3) and 0.2 NTU 

(Table 4.4) once placed online following a backwash.   

 

Table 4.3 Ripening times for winter and summer pilot-scale trials (Target turbidity = 0.1 
NTU).  

Description of Backwash 
Procedure 

Winter Summer 
Time (h) Time (h) 

ETSW  
Rate 9.5 L/min 
BW turbidity < 5 NTU 

1.81 ± 0.77 0.13 ± 0.06 

ETSW 
Rate 5.5 L/min 
BW turbidity < 5 NTU 

1.40 ± 0.59 0.09 ± 0.00 

ETSW 
Rate 5.5 L/min 
BW turbidity 10–20 NTU 

1.12 ± 0.23 0.12 ± 0.05 

ETSW 
Rate 9.5 L/min 
BW turbidity 10-20 NTU 

1.85 ± 0.71 0.09 ± 0.02 

Rested 60 min 
BW turbidity < 5 NTU 
 

2.69 ± 1.49 0.96 ± 1.84 

Rested 60 min 
BW turbidity 10-20 NTU 
 

5.72 ± 4.51 0.37 ± 0.63 

 

 

As seen in Table 4.3, ripening times throughout Winter trials appear to be influenced by 

backwash procedure.  The condition that employed filter resting for 60 minutes and 

backwashed until turbidity reached between 10 and 20 NTU had the largest standard 

deviation and the largest average ripening time.  Backwash procedures using ETSW rates 
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all showed consistently lower ripening times than the other two conditions.  The 

condition with ETSW rate of 5.5 L/min and backwash turbidity between 10 and 20 NTU 

has the lowest ripening time.  

 

Table 4.4  Ripening times for winter and summer pilot-scale trials (Target turbidity = 0.2 
NTU).   

Description of Backwash 
Procedure 

Winter Summer 
Time (h) Time (h) 

ETSW  
Rate 9.5 L/min 
BW turbidity < 5 NTU 

0.713 ± 0.5 0.061 ± 0.05 

ETSW 
Rate 5.5 L/min 
BW turbidity < 5 NTU 

0.118 ± 0.03 0.06 ± 0  

ETSW 
Rate 5.5 L/min 
BW turbidity 10–20 NTU 

0.113 ± 0.03 0.067 ± 0.06 

ETSW 
Rate 9.5 L/min 
BW turbidity 10-20 NTU 

0.335 ± 0.33 0.04 ± 0.03 

Rested 60 min 
BW turbidity < 5 NTU 
 

0.354 ± 0.36 0.036 ± 0.03 

Rested 60 min 
BW turbidity 10-20 NTU 
 

0.449 ± 0.41 0.037 ± 0.04 

As seen in Table 4.4, ripening times throughout Winter trials appear to be influenced by 

backwash procedure.  The condition that employed an ETSW rate of 9.5 L/min and 

backwashed until turbidity dropped below 5 NTU had the largest standard deviation and 

the largest average ripening time.  In general, backwash procedures using ETSW rates 

were found to have consistently lower ripening times than the other conditions.  The 

condition with ETSW rate of 5.5 L/min had the lowest in the set.  
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Data from the pilot-scale experiment was analyzed using Minitab 16.  Replicate 

responses varied from n = 3 and 8 for the Winter trials and from n = 2 and 9 for Summer 

trials.  Variance existed in sample numbers due to unpreventable disruptions in ideal pilot 

operation.  An analysis of variance was performed for ripening time data using adjusted 

sum of squares for tests.  The results of this analysis showed season to be a significant 

factor (α = 0.05, P = 0.000).  ETSW rate was also found to have a strong effect on 

ripening time (α = 0.05, P = 0.004).  The interaction between season and ETSW rate 

could be slightly significant (α = 0.05, P = 0.076).  All other factors and interactions were 

not found to be significant when looking at the effect of backwash procedure on 

maximum turbidity during ripening.  P-values for insignificant factors ranged from 

P=0.133 to 0.462.  

 

The average filtered volume, or bed volumes, are displayed in Table 4.5 and organized by 

backwash procedure.  Although filters were operated until after break through occurred, 

duration of the filter run was considered until filtered water turbidity first reached 0.2 

NTU.   

 

Table 4.5  Filtered volumes (bed volumes) for winter and summer pilot-scale trials.        
Description of Backwash 

Procedure 
Winter Summer 

Bed Volumes Bed Volumes 
ETSW  
Rate 9.5 L/min 
BW turbidity < 5 NTU 

169.27 ± 13.39 339.96 ± 17.65 

ETSW 
Rate 5.5 L/min 
BW turbidity < 5 NTU 

167.84 ± 8.37 378.41 ± 17.26 

ETSW 169.96 ± 21.42 353.39 ±  11.52 
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Rate 5.5 L/min 
BW turbidity 10–20 NTU 
ETSW 
Rate 9.5 L/min 
BW turbidity 10-20 NTU 

172.42 ± 28.07 386.35 ± 8.54 

Rested 60 min 
BW turbidity < 5 NTU 
 

160.08 ± 7.57 350.20 ± 27.76 

Rested 60 min 
BW turbidity 10-20 NTU 
 

160.91 ± 7.76 355.09 ± 25.49 

 

 

As seen in Table 4.5, bed volumes of filtered water during Winter trials appear to be 

slightly influenced by backwash procedure.  Trials employing an ETSW rate, although 

having the highest standard deviation, show the highest average bed volumes produced.  

This graph shows trials using any ETSW rate can achieve an average increase of about 10 

bed volumes over backwash procedures using filter resting for 60 minutes without an 

ETSW rate.  The significance of these values cannot be comment on from this graph. 

 

As seen in Table 6, bed volumes of filtered water during Summer trials were found to be 

much higher than in Winter trials.  The average bed volumes increased by about a factor 

of 2, independent of backwash procedure.  These trends are not observed to the same 

extreme at full-scale.  Pilot-scale operations remain constant throughout the year, with 

respect to filter rate.  Full-scale operations involve monitoring headloss and reducing the 

filter rate to increase the amount of time the filters are used.  This process is referred to as 

placing the filters on local and increases the overall volume of water filtered during the 

winter months.  The filtration rate is not reduced in the winter months and held constant 
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at 2.36 L/min.  The lowest average bed volumes produced was seen in the backwash 

procedure using an ETSW rate of 9.5 L/min and a backwash turbidity of less than 5 NTU.  

The backwash procedure using an ETSW rate of 5.5 and backwash turbidity between 10 

and 20 NTU was equivalent to both procedures using filter resting.  The other two 

procedures using ETSW were shown to produce 20 to 40 more average bed volumes than 

the rested conditions.   

 

Data from the pilot-scale experiment was analyzed using Minitab 16.  Replicate 

responses varied from n = 3 and 8 for the Winter trials and from n = 2 and 9 for Summer 

trials.  Variance existed in sample numbers due to unpreventable disruptions in ideal pilot 

operation.  An analysis of variance was performed for volume of water produced (bed 

volume) data using adjusted sum of squares for tests.  The results of this analysis showed 

season to be a significant factor (α = 0.05, P = 0.000).  This result was expected from the 

results presented in Table 6.  The two-way interaction between season and ETSW rate 

and backwash turbidity may be slightly significant (α = 0.05, P = 0.048).  The three-way 

interaction between each of the factors might also be slightly significant (α = 0.05, P = 

0.061).  All other factors and interactions were not found to be significant when looking 

at the effect of backwash procedure on maximum turbidity during ripening.  P-values for 

insignificant factors ranged from P=0.161 to 0.878.  

   

4.2.2  Particle Analysis 

Particle concentrations for pilot-scale observations were taken from inline particle 

counters and monitored continuously for the duration of each trial.  Particle 
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concentrations were based on particles greater than 2 μm in size and were reported as 

numbers/mL.  Particle profiles during filter ripening were created and ranked with respect 

to each experimental condition.  These profiles were created based on representative plots 

from each sample set.  Profiles were created for both winter and Summer trials and are 

shown in Figures 4.3 and 4.4.   

 

 

Figure 4.3  Winter pilot-scale particle profiles during ripening for an ETSW and resting 
procedural condition 
 

Ripening stages can be clearly observed the particle concentrations in Figure 9.  Similar 

trends were seen in all ETSW trials (non-rested) and were also seen in both rested 

conditions.  Due to these trends Figure 4.3 has been simplified, showing only one ETSW 

trial and one rested trial. Stage 1 occurs within the first 0.025 hours (1.5 min) for each 

backwashing procedural condition.  Stage 2 occurs within the first 0.075 hours (4.5 min) 

St
ag

e 
1  

St
ag

e 
2 

St
ag

e 
3 

St
ag

e 
4 

St
ag

e 
5 



 58

and stages 3 and 4 occur between 0.075 and 0.15 hours (4.5 and 9 minutes).  The 

intensity of stages 3 and 4 are observed to be higher for the procedures using an ETSW 

rate following a backwash.  These observations are not consistent with results found in 

literature and were not expected due to the trends seen in turbidity profiles. 

 

 

 

Figure 4.3  Summer pilot-scale particle profiles during ripening for and ETSW and a 
resting procedural condition 
 
 
Ripening stages can be clearly observed the particle concentrations in Figure 4.4.  Similar 

trends were seen in all ETSW trials (non-rested) and were also seen in both rested 

conditions.  Due to these trends Figure 10 has been simplified, showing only one ETSW 

trial and one rested trial.  Ripening times of 0.15 hr (9 min) or less are observed in Figure 

16.  Both conditions employing filter resting for 60 minutes with no ETSW rate appear to 
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have a slightly shorter ripening time and a slightly higher maximum particle 

concentration during stage 2 but a decrease in particle concentration during stages 3 and 

4.  Statistical significance cannot be confirmed by these profiles.    

 

The maximum particle concentrations of particles greater than 2 μm were observed 

during filter ripening.  These maximum values are shown in Figures 4.5 and 4.6.   

 

 

Figure 4.4  Maximum particle concentrations over Winter pilot-scale trials.  Results from 
each ETSW and both resting conditions are displayed.  Error bars indicate standard 
deviation. 
 

As shown in Figure 4.5, the highest maximum particle concentrations during Winter trials 

were seen with the backwash procedure employing an ETSW rate of 9.5 L/min and a 

backwash turbidity of less than 5 NTU.  Similar maximum particle concentration 
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intensities were observed with all other backwashing conditions.  A high standard 

deviation exists for each backwashing condition.  

 

 

Figure 4.6  Maximum particle concentrations over summer pilot-scale trials.  Results 
from each ETSW and both resting conditions are displayed.  Error bars indicate standard 
deviation. 
 

As shown in Figure 4.6, the highest maximum particle concentrations during Summer 

trials were seen with the backwash procedure employing an ETSW rate of 5.5 L/min and 

backwash turbidity between 10 and 20 NTU.  Similar maximum particle concentration 

intensities were observed with all other backwashing conditions.  A high standard 

deviation exists for each backwashing condition.  
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Data from the pilot-scale experiment was analyzed using Minitab 16.  Replicate 

responses varied from n = 3 and 8 for the Winter trials and from n = 2 and 9 for Summer 

trials.  Variance existed in sample numbers due to unpreventable disruptions in ideal pilot 

operation.  An analysis of variance was performed for maximum particle concentrations 

during ripening using adjusted sum of squares for tests.  The results of this analysis 

showed season to be a significant factor (α = 0.05, P = 0.000).  The two-way interaction 

between season and ETSW rate and backwash turbidity may be slightly significant (α = 

0.05, P = 0.091).  All other factors and interactions were not found to be significant when 

looking at the effect of backwash procedure on maximum turbidity during ripening.  P-

values for insignificant factors ranged from P=0.120 to 0.699.   

 

4.2.3  Zeta Potential Analysis 

Pilot-scale samples for zeta potential observations were collected for a duration of 1 hour 

after filter start up.  Measurements were performed on a Melvern Zeta Sizer, which had 

an instrument mean detection limit of 5.54 mV when using filtered water from the 

JDKWSP.  Zeta potential profiles during filter ripening were created and ranked with 

respect to each experimental condition.  These profiles were created based on 

representative plots from each sample set.  Similar trends were seen in all ETSW trials 

(non-rested) and were also seen in both rested conditions.  Due to these trends Figure 13 

has been simplified, showing only one ETSW trial and one rested trial.  Profiles were 

created for both winter and Summer trials and are shown in Figures 4.7 and 4.8.   
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Figure 4.7  Representative zeta potential plots for pilot-scale experimental conditions 
(Winter trials) 
 

 As seen in Figure 4.7, the ETSW trial shown ranges from -2.2 mV to -8.7 mV and the 

rested trial shown ranges from -6.4 mV to -11.2 mV.  ETSW appears to have a lower 

running negative charge than rested procedural conditions.   
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Figure 4.8  Representative zeta potential plots for pilot-scale experimental conditions 
(Summer trials) 
 
As seen in Figure 4.8, the ETSW trial shown ranges from -4 mV to -10 mV and the rested 

trial shown ranges from -2 mV to -5.6 mV.  ETSW appears to have a higher running 

negative charge than rested procedural conditions.   

 
Although Figures 4.7 and 4.8 may appear to show trends, recall the instrument method 

detection limit (MDL) of 5.54 mV when using filtered water from the JDKWSP.  

Including all trials for both winter and summer, zeta potential results had ranges of 3 mV 

to ranges of 10 mV.  Due to the variance in the results and the instrument MDL for 

filtered water at the JDKWSP, creating zeta profiles were not successful in describing 

collector efficiency for many of the sample values.  This is due to the low particle 

concentration in filtered water.  Sample intervals may have been too far apart to notice all 

trends existing during ripening.    
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4.3  Backwash Water Chemistry (Bench-scale) 

The effects of backwash water chemistry changes were observed from bench-scale trials.  

Flocculated water was collected from the full-scale plant.  All treatment up to filtration 

was performed at the JDKWSP.  In the premix section of the JDKWSP, lime was used to 

increase the pH to 10.  Potassium permanganate (KMnO4) was added to aid in the 

oxidation process.  Coagulant (aluminum sulphate) dose was 8 mg/L, floc pH targeted to 

be 5.3, and hydraulic mixing to flocculate the water.  Chlorine was dosed such that a 

residual of 0.05 mg/L remained after filtration.  The chlorine residual was read at 0 mg/L 

once the experiments were performed.  Each of the 8 filters consisted of 2 in of anthracite 

and 1 in of silica sand.  The same filtration rate was used for each filter and held constant 

at 43 mL/min.  Filters were operated until spent and flow ceased, which was 

approximately 5 hours.  The backwashing procedure did not monitor flow as it was 

performed with hand-operated syringes.  Water volume used to backwash each filter was 

720 mL.  This volume of water was required for each filter to reach the same clarity.  

Clarity was decided based on visual inspection.   

 

Tukey’s Method 
 
To ensure each of the bench-scale filters were statistically identical, flocculated water 

was run through each to monitor overall turbidity, maximum turbidity during ripening, 

ripening time, and run time.   Run time and ripening time were found to be the same for 

each filter at 180 min and 5 min, respectively.  Tukey’s Method determined that each of 

the eight filters were behaving the same with respect to maximum turbidity. 
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Factorial Design 

Once each filter was shown to behave identically to one another, each spent filter was 

backwashed with different backwash waters.  Although backwash water chemistry varied 

between each of the eight filters, all other conditions and loadings on the filters were 

identical (i.e. premix, flocculation and coagulation, and filtration rates).  Two factorial 

designed experiments were run throughout the winter and summer to gain an 

understanding of seasonal effects.  The conditions observed were pH, chlorine dose, and 

polymer addition to the backwash water.  The objective of this experiment was to 

understanding of the effects using finished water (pH of 7.2, chlorine dose of 1 mg/L).  

To do this, the current full-scale conditions of clearwell water (pH of 5, chlorine dose of 

0.05 mg/L) were used in comparison.  Also, polymer addition in backwash water was 

included as much literature discusses the capabilities to decrease the effects of ripening.   

The total factorial was a 4-factor, 2-level design.  Results from the factorial analysis are 

presented in sections 4.3.1 and 4.3.2.   

 

4.3.1  Turbidity Analysis 

Assessing turbidity on small-scale filters requires judgment to identify what constitutes 

filter ripening and filter breakthrough.  The bench scale filters, due to the small amount of 

filter media, were not able to achieve a filtered water turbidity of less than 0.1 NTU.  As 

a result, ripening time was considered the time it took for filters to reach below 0.2 NTU 

and the filter run time was taken as the time before turbidity reached 0.5 NTU.  Turbidity 

profiles for simulated clearwell and finished water with and without the addition of 

polymer are shown in Figures 4.9 and 4.10 for winter and Summer trials, respectively.   
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Figure 4.9  Winter bench-scale turbidity profiles for different backwash water chemistry 
conditions 
 
Filter ripening can be observed in the representative plots, however, the specific stages of 

ripening were not apparent.  Stage 1 of ripening was not observed due to the scale of the 

setup.  The maximum turbidity during ripening and ripening time was found to vary for 

each condition.  The condition using clearwell water with no polymer was found to have 

the longest ripening duration, however, this condition also produced the largest quantity 

of water throughout the filter run.  Both clearwell conditions, with and without polymer, 

performed similarly in maximum turbidity duruing ripening but the clearwell condition 

with polymer was found to have a much shorter ripening time.  Both clearwell and 

finished water conditions that used polymer were found to have short ripening time.  

Finished water with polymer produced a much lower volume of water than clearwell 

water with polymer (run time of 50 minutes and 120 minutes, respectively).      
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Figure 4.10  Summer bench-scale turbidity profiles for different backwash water 
chemistry conditions 
 
Filter ripening can be easily observed in the representative plots, however as in the 

Winter trials, the specific stages of ripening during Summer trials are not apparent.  Stage 

1 of ripening occurs was not observed due to the scale of the setup.  The maximum 

turbidity during ripening and ripening time were found to vary for each condition 

representation.  The condition using clearwell water with no polymer has the longest 

ripening duration and each condition produced the same amount of water throughout the 

filter run (each with a run time of 150 minutes).  Both clearwell and finished water 

conditions that used polymer were found to have the lowest maximum turbidity during 

ripening.  



 68

 
Maximum turbidity during ripening was taken as the highest value recorded after a filter 

was placed online following a backwash but before turbidity dropped below 0.25 NTU.  

Ripening was accepted at this value due to the performance limitations of each filter.  The 

results for winter and Summer trials are displayed in Table 7 and organized by backwash 

procedure.  

 

Table 4.6 Maximum turbidity during ripening over winter and summer bench-scale trials.   
Description of Backwash 

Water Chemistry 
Maximum Turbidity During Ripening (NTU) 

Winter Summer 
Clearwell:  
pH 5 
chlorine 0.05 mg/L 
no polymer 

0.48 1.93 

Clearwell w/ Polymer: 
pH 5 
chlorine 0.05 mg/L 
polymer 10 mg/L 

0.45 0.39 

Finished: 
pH 7.2 
chlorine 1 mg/L 
no polymer 

2.24 2.96 

Finished w/ Polymer: 
pH 7.2 
chlorine 1 mg/L 
polymer 10 mg/L 

0.23 0.52 

 

 

As seen in Figures 4.9 and 4.10, maximum turbidity during ripening consistently 

occurred immediately after the filters were put back online after a backwash (at 0 

minutes) for each trial and during the winter and summer.  As shown in Table 4.6, very 

little difference appears to exist in the maximum turbidity for clearwell conditions and 

finished without polymer condition during the Winter trials.  Finished water with 
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polymer appears to have the lowest maximum turbidity during ripening and finished 

water without polymer appears to have the highest during Winter trials.  

 

As seen in Table 4.6, very little difference appears to exist in the maximum turbidity for 

clearwell without polymer and finished without polymer conditions during Summer 

trials.  Very little difference also was seen between clearwell with polymer and finished 

with polymer in the Summer trials.  Both conditions with polymer were observed to have 

the highest maximum turbidity during ripening in summer.  

 

Data from the bench-scale experiment was analyzed using Minitab 16.  An analysis of 

variance was performed for maximum turbidity data using adjusted sum of squares for 

tests.  The results of this analysis showed that no factors produced statistically significant 

responses.  P-values for all factors ranged from P=0.187 to P=0.914, each of which are 

much greater than α = 0.05.  

 

Ripening time was taken as the time required for turbidity to drop below 0.25 NTU.  

Ripening was accepted at this value due to the performance of each filter.  The results for 

winter and Summer trials are displayed in Table 4.7 and organized by backwash 

procedure.  

  



 70

Table 4.7  Ripening time over winter and summer bench-scale trials.  Results from both 
clearwell and finished water, with and without polymer, are presented. 

Description of Backwash 
Water Chemistry 

Ripening Time (min) 
Winter Summer 

Clearwell:  
pH 5 
chlorine 0.05 mg/L 
no polymer 

30 20 

Clearwell w/ Polymer: 
pH 5 
chlorine 0.05 mg/L 
polymer 10 mg/L 

10 15 

Finished: 
pH 7.2 
chlorine 1 mg/L 
no polymer 

5 15 

Finished w/ Polymer: 
pH 7.2 
chlorine 1 mg/L 
polymer 10 mg/L 

0 20 

 

As shown in Table 4.7, ripening time ranged between 0 and 30 minutes for each trial.  

Very little difference was found to exist in the ripening time for finished conditions and 

with and without polymer.  Clearwell water without polymer was found to have the 

highest ripening time.  

 
During Summer trials, very little difference was observed in ripening times for each 

condition.  Ripening times ranged between 15 and 20 minutes for each trial and during 

the summer.  Clearwell water without polymer and finished water with polymer were 

observed to have the highest ripening time.  

 

Data from the bench-scale experiment was analyzed using Minitab 16.  An analysis of 

variance was performed for ripening time data using adjusted sum of squares for tests.  

The results of this analysis showed that season and the combination of pH and chlorine 
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produced statistically significant responses (α = 0.05, Pseason = 0.012 and PpH x chlorine = 

0.012).  These results indicate that finished water without polymer should produce the 

shortest ripening time in both winter and summer.  P-values for all statistically 

insignificant factors ranged from P=0.196 to P=0.787, each of which are much greater 

than α = 0.05.    

 

Run time was taken as the time in the filter run when the turbidity reached over 0.5 NTU.  

Run time was accepted at this value due to the performance of each filter.  The results for 

winter and Summer trials are displayed in Table 4.8 and organized by backwash 

procedure.  

 
 
Table 4.8  Run time over winter and summer bench-scale trials.  Results from both 
clearwell and finished water, with and without polymer, are presented. 
 

Description of Backwash 
Water Chemistry 

Run Time (min) 
Winter Summer 

Clearwell:  
pH 5 
chlorine 0.05 mg/L 
no polymer 

140 150 

Clearwell w/ Polymer: 
pH 5 
chlorine 0.05 mg/L 
polymer 10 mg/L 

120 150 

Finished: 
pH 7.2 
chlorine 1 mg/L 
no polymer 

70 150 

Finished w/ Polymer: 
pH 7.2 
chlorine 1 mg/L 
polymer 10 mg/L 

50 150 
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As shown in Table 4.8, run time ranged between 50 and 140 minutes for each trial and 

during the winter.  Finished water conditions, with and without polymer resulted in the 

shortest run times.  Clearwell water with and without polymer were observed to have the 

longest run time.  The use of polymer was found to decrease the run time.  These relative 

observations cannot confirm if the results are statistically significant.   

 

As shown in Table 4.8, each observed run time was 150 minutes during the summer 

experiments.  No condition caused a change in this parameter.    

 

Data from the bench-scale experiment was analyzed using Minitab 16.  An analysis of 

variance was performed for ripening time data using adjusted sum of squares for tests.  

The results of this analysis showed that season was the only factor that produced a 

significantly significant response (α = 0.05, Pseason = 0.011).  These results indicate that 

shorter run times can be expected during winter months.  P-values for all statistically 

insignificant factors ranged from P=0.120 to P=0.922, each of which are much greater 

than α = 0.05.    

 
 

4.3.2  Particle Analysis 

Bench-scale samples for particle concentration observations were collected for a duration 

of 1 hour after filter startup.  Measurements were performed on a Brightwell Microflow 

Imager.  Particle concentrations were based on particles greater than 2 μm in size and 

were reported as numbers/mL.  Particle profiles during filter ripening were created and 

ranked with respect to each experimental condition.  These profiles were created based on 



 73

representative plots from each sample set.  Profiles were created for both winter and 

Summer trials and are shown in Figure 4.11 and 4.12.   

 

Figure 4.11  Particle profiles for winter bench-scale trials.  Results from both clearwell 
and finished water, with and without polymer, are presented. 
 
Maximum particle concentrations ranged between 4767 to over 75,000 particles/mL for 

each trial and during the winter.  Finished water conditions, with and without polymer 

resulted in the highest maximum particle concentrations.  Clearwell water with and 

without polymer were observed to have the lowest maximum particle concentrations, 

without polymer having the lowest.  It should be noted that the highest particle 

concentrations do not correspond with ripening times, as ripening times were less than 20 

minutes for each condition.  
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Figure 4.12  Particle profiles for summer bench-scale trials.  Results from both clearwell 
and finished water, with and without polymer, are presented. 
 

Maximum particle concentrations ranged between 4767 to over 75,000 particles/mL for 

each trial and during the summer.  Clearwell water without polymer and finished water 

with polymer resulted in the highest maximum particle concentrations.  It should be noted 

that particle concentrations during the Summer trials were much smaller than those seen 

during Winter trials.   

 

Data from the bench-scale experiment was analyzed using Minitab 16.  An analysis of 

variance was performed for maximum particle concentration data using adjusted sum of 

squares for tests.  The results of this analysis showed that the interaction between pH and 

chlorine was the only factor that produced a significantly significant response (α = 0.05, 

PpH x chlorine = 0.010).  These results indicate that clearwell water should produce the 



 75

lowest maximum particle concnetraitons.  P-values for all statistically insignificant 

factors ranged from P=0.196 to P=0.647, each of which are much greater than α = 0.05.    

 

4.3.3  Zeta Potential Analysis 

 
Bench-scale samples for zeta potential observations were collected for a duration of 1 

hour after filter start up.  Measurements were performed on a Melvern Zeta Sizer, which 

had an instrument mean detection limit of 5.54 mV when using filtered water from the 

JDKWSP.  Zeta potential profiles during filter ripening were created and ranked with 

respect to each experimental condition.  These profiles were created based on 

representative plots from each sample set.  Profiles were created for both winter and 

Summer trials and are shown in Figures 4.13 and 4.14.   

 

Figure 4.13  Zeta potential plots for bench-scale experimental conditions (Winter trials) 
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Figure 4.14  Zeta potential plots for bench-scale experimental conditions (Summer trials) 
 

Recall the instrument method detection limit (MDL) of 5.54 mV when using filtered 

water from the JDKWSP.  Including all trials for both winter and summer, as shown in 

Figures 4.13 and 4.14, zeta potential results had ranges of 5 mV to ranges of 12 mV.  A 

slight decrease in zeta potential (becoming less negative) was observed for most trials.  

As the filter run continued, zeta potentials became slightly more negative.  Also, both 

winter and Summer trials indicate that a backwash performed using finished water and 

polymer had a much more negative (-30 mV) start zeta potential and more sporadic 

throughout the duration of the filter run.  Although this indicates that polymer addition 

does have an effect on filter ripening and the filter run, it is likely due to the lack of 

control over polymer conditioning of the media.  It was difficult to control polymer 
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conditioning manually in a bench-scale experiment.  Given the erratic zeta potential 

readings, it might be concluded that polymer was over dosed for this experiment.  

Although most readings were above the instrument MDL, due to the low particle 

concentration in filtered water and the lack of control over the backwash, creating zeta 

profiles were not exceptionally successful in describing collector efficiency.   

 

4.4  Current Backwash Procedure (Full-scale) 

Using turbidity as the assessment parameter, maximum turbidity during ripening and 

ripening time were observed as part of the full-scale assessment.  Ripening time is 

considered to be the length of time it takes for the turbidity to drop below 0.1 NTU after 

it is placed back in service following a backwash.  A filter run is complete once turbidity 

reaches over 0.2 NTU (breakthrough), which governs the amount of water produced 

during that run.  Full-scale filters were operated until breakthrough, they had been in 

service for 80 hours, or a headloss of 2.15 m was reached.  Filters were monitored for 24 

hours/day.  Inline turbidimeters were used to record this information.  

 

4.4.1  Turbidity Analysis 

Turbidity profiles were created for both winter and summer.  Representative plots, taken 

from each sample set, were used to relatively compare ripening periods for each season.  

These profiles are shown in Figure 4.15.  
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Figure 4.15  Winter and summer representative full-scale turbidity profiles during 
ripening 
 

In keeping with filter ripening theory, ripening stages can be seen occurring on both the 

winter and summer plots.  Stage 1, the period of low turbidity due to clean backwash 

water remaining below the filter drains, can be seen to occur between 0.3 and 0.4 hours 

on both plots.  The maximum turbidity seen occurs at ripening stage 2.  Stages 3 and 4 

are easier to observe in the winter.  Ripening theory states that these stages 2, 3, and 4 

occur due to remnant particle reactions below the filter, in the media, and above the 

media.  Ripening during the winter months has a greater impact on turbidity than summer 

months.  Although turbidity exceedances do occur at full-scale, they are rare.  Most filter 

ripening periods at the JDKWSP remain below 0.1 NTU, or fall below it within the first 

hour of ripening.  Filter resting is used at the full-scale plant to reduce ripening time.     
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4.4.2  Particle Analysis 

Particle concentrations for full-scale were taken on a Brightwell Micro-Flow Imager 

(MFI).  Particle concentrations were based on particles greater than 2 μm in size and were 

reported as numbers/mL.  Particle profiles during filter ripening were created and ranked 

with respect to season.  These profiles were created based on representative plots from 

each sample set and are shown in Figure 4.16.   

 

Figure 4.16  Winter and summer full-scale particle profiles during ripening 
 

Ripening trends are observed in full-scale from MFI data representative plots.  Plots show 

an increase in particle passage through the filter during ripening over the winter months.  

This is consistent with other observations made at the JDKWSP.  Stage 1 of ripening is 

seen to occur in both representative samples around 15 minutes.  Stages 2, 3, and 4 of 

ripening are apparent in both curves and appear within 45 minutes.   Sampling frequency 

was a limitation of these observations.  Due to the required length of time for processing, 
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less frequent samples were taken.  Inline particle counters are able to take readings 

continuously and during shorter time intervals.  

 

4.4.3  Zeta Potential Analysis 

 
Full-scale samples for zeta potential observations were collected for a duration of 1 hour 

after filter start up.  Measurements were performed on a Melvern Zeta Sizer.  Zeta 

potential profiles during filter ripening were created and ranked with respect to season.  

Zeta potential profiles for both winter and summer full-scale observations are shown in 

Figure 4.17.     

 

Figure 4.17  Representative full-scale zeta potential profiles for winter and summer 
observational trials 
 

Recall the instrument method detection limit (MDL) of 5.54 mV when using filtered 

water from the JDKWSP.  These representative plots are generalized from n=12 (winter) 

and n=10 (summer).  Including all trials for both winter and summer, as shown in Figure 
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23, zeta potential results had ranges of 4 mV to ranges of 9 mV.  Most sample 

measurements were above the instrument MDL.  A trend can be observed in Figure 4.17 

with zeta potential becoming more negative as the filter ripens.  Sampling intervals may 

have been too far apart to notice all details during ripening.  Due to low particle 

concentrations and sampling intervals, creating zeta profiles were slightly successful at 

describing collector efficiency during ripening.  

 

4.5  Assessment of Energy and Water Consumption (Full-scale)

Full-scale profiles were created for thirteen backwash periods during the winter and ten 

backwash periods during the summer.  Profiles were used to identify the turbidity that is 

reached during each backwash, or how “clean” the filters get during this process.  

Backwash water volume was then used to understand the relationship between the 

volumes required to achieve the respective backwash turbidities.  The goal of this 

analysis was to discover if required backwash volume could be predicted depending on 

the previous filter loading.  If so, visual inspection could be replaced with a calculated 

backwash time.  Backwash rate was used to calculate the power consumed for each 

backwash.  This data combined with water consumption was used to predict possible cost 

savings of an optimized backwash.  To understand operator variance arising from the 

visual interpretation in the current backwash procedure the volume of backwash water 

used in excess of reaching 5 NTU was analyzed for each sampled backwash. 

 

The twelve backwash operations observed during the winter months achieved a backwash 

turbidity of 0.607 NTU to 7.31 NTU.  Backwash duration ranged between 7- to 9-
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minutes and backwash volume ranged from 0.43 ML to 0.58 ML.  The ten backwash 

operations observed during the summer months achieved a backwash turbidity of 1.36 

NTU to 11 NTU.  Backwash duration ranged between 7.5- and 9-minutes and backwash 

volume ranged from 0.49 ML to 0.59 ML.   

 

Maximum duration (time) of a backwash did not correspond with maximum volume 

used.  During each backwash, water was pumped at an increasing rate followed by a 

decreasing rate.  The maximum flow rate reached and the duration of this rate was 

dependent on visual inspection and operation.  When the fixed point on the backwash 

trough became visible the operator turned off the control to the pump, resulting in a 

decreasing flow rate.  Variation existed between the rates of increasing and decreasing 

flow.  This is likely due to small variations in filter media depth and type and condition of 

the underdrains, and ever changing environmental conditions.  The underdrain tiles below 

the filter media allow for the flow of water in both directions without media loss.  

Originally, all tiles were ceramic Leopold®.  Some cracks and damage formed in these 

tiles in some filters after years of use.  Filters 5 and 6 showed significant damage 

resulting in replacement of these tiles in 2008 with plastic Leopold® tiles of the same 

dimensions.   

 

To assess if a relationship exists between backwash volume used and the previous filter 

loading, each of these parameters were plotted in Figures 4.18 and 4.19.   
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Figure 4.18  Backwash volume versus volume produced during previous filter run for 12 
winter observations 

 

Figure 4.19  Backwash volume versus volume produced during previous filter run for 10 
summer observations 
 

A relationship between required backwash volume and previous filter loading could not 

be determined from this analysis.  Many factors contribute to the required volume used 
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for each backwash.  Considering daily changes in raw water quality, chemical doses, and 

other constantly changing factors, a direct relationship was not found.   

 

Although the pilot analysis in Section 4.2 showed that backwashing until turbidity 

reached between 10 and 20 NTU did not appear to perform as well as backwashing until 

turbidity reached less than 5 NTU, analysis showed that the differences in both methods 

were not statistically significant.  As a result, backwashing until turbidity reaches 

between 10 to 20 NTU should sufficiently clean the filter during a backwash.  

Observations from full-scale backwash turbidity trials are presented in Table 4.9.  

 

 

Table 4.9  Full-scale backwash turbidity profiling observations 
 

Backwash Turbidity (NTU) 

Number of Observations 

Winter (n=12) Summer (n=10) 

10-20 0 (0%) 1 (10%) 

5-10 2 (17%) 1 (10%) 

Less than 5 10 (83%) 8 (80%) 

 

Although variation existed between backwash duration after 5 NTU was reached, all 

observed backwash procedures in winter and summer fell below 20 NTU after a 

backwash duration of 7 minutes.  Results of this analysis are displayed in Table 4.10.    
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Table 4.10  Results of full-scale backwash duration analysis 
 

Backwash 

Duration (min) 

Unit Filter Bed 

Volumes 

(UFBV)* 

Number of Observations  

(turbidity reaching below 20 NTU) 

Winter (n=12) Summer (n=10) 

7 3.97 

SD: 0.29 
Var: 0.08 

12 (100%) 10 (100%) 

6.5 3.85 

SD: 0.29 
Var: 0.08 

11 (92%) 9 (90%) 

6 3.69 

SD: 0.36 
Var: 0.13 

10 (83%) 6 (60%) 

5 3.11 

SD: 0.48 
Var: 0.23 

8 (67%) 6 (60%) 

4 2.78 1 (8%) 0 (0%) 

3 - 0 (0%) 0 (0%) 

* One UFBV at the JDKWSP is equal to 0.131 ML 

 

To demonstrate the cost savings that could result from optimizing the backwash 

procedure at the JDKWSP, three alternatives were reviewed.  These options are described 

in the list below.   

1. Do nothing  

This option does not suggest any procedural changes.  There will be no 

cost savings from reduced power or water consumption.  The cost of this 

option was calculated from total cost of power consumed per kilowatt-

hour (KWH) and the indirect cost of water consumed.  The cost of water is 



 86

calculated based on the revenue that could be generated from the water 

consumed.  

2. Standardize operation time 

This option suggests backwashing each filter until 100% of the backwash 

water reaches between 10 to 20 NTU.  As shown in table 10, 100% of the 

full-scale backwash observations reached between 10 and 20 NTU after a 

volume of 3.97 UFBV has passed through the filter (7-minutes of 

backwash at the JDKWSP).  This is a conservative approach as some of 

the filters would be reaching a turbidity of less than 5 NTU at this time, 

however, turbidimeters would not need to be installed.  The cost of power 

and water consumption were calculated as in option 1.    

3. Install turbidimeters 

This option suggests backwashing each filter until that filter reaches 

between 10 to 20 NTU.  The backwash time required to achieve this level 

of cleanliness varies for each backwash.  Installation of turbidimeters 

above each filter to monitor backwash turbidity is required for this option.  

Here, operators would monitor the backwash turbidity ensuring that excess 

time was not used to complete each backwash.  This would reduce power 

and water consumption for each backwash.  This option offers the most 

cost savings of the three.  The cost of power and water consumption were 

calculated as in option 1.   
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Option 1 

The average time, power consumption, and water consumption during the winter and 

summer months were observed values and are shown in Table 4.11.  The cost 

calculations were performed as shown in equation 1.  The JDKWSP performs 

approximately 70 backwash procedures per month, which was used to calculate the 

annual cost.         

 

Table 4.11  Cost calculations for the current backwash procedure 
 Winter Observations Summer Observations 

Backwash 

Duration 

Mean = 8.3 min 

SD = 29 

Mean = 8.2 min 

SD = 27 

Backwash Volume 

(UFBV) 

Mean = 4.04 

SD = 0.33 

Mean = 4.06 

SD = 0.29 

Power Consumed 
Mean = $0.1155/backwash 

SD = 0.01 

Mean =    $0.1158/backwash 

SD = 0.01 

Water Consumed 
Mean = 0.5296 ML 

SD = 0.04 

Mean = 0.5312 ML 

SD = 0.04 

 

The cost of power consumption was calculated using equation 1.   

Equation 5 

 

Where,  

P = power (KW) 

q = flow (m3/hr) 
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ρ = density (kg/m3) 

g = gravity (9.81 m/s2) 

h = differential head (m) 

 

The average cost of power consumption was calculated using the rate of $0.08/KWH.  

The cost of power consumption required to perform a backwash with the current 

procedure were found to be $0.1155/backwash (SD = 0.0094) for winter and 

$0.1158/backwash (SD = 0.0083) for summer. 

 

The indirect cost of water consumption was considered to be the value of lost revenue 

from domestic customers.  A direct cost of water could be calculated using the cost to 

produce the water, which would consider the cost of salaries, maintenance fees, capital 

costs, and operation costs divided by the total volume of water produced yearly.  This 

information is confidential and will not be discussed in this analysis.  The indirect costs 

were calculated using the domestic rate of $0.509/m3 ($2.3136/1000 imperial gallons).  

The indirect costs of water consumption required to perform a backwash with the current 

procedure were found to be $269.56/backwash (SD = 21.9) for winter and 

$270.36/backwash (SD = 19.3) for summer.     

Considering there are approximately 70 backwash procedures performed at the JDKWSP 

each month, the total annual cost was calculated to be $226,865 ($100 for power and 

$226,765 for water).  This estimate does not consider the cost required to produce the 

water.     

   

Option 2 
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The variation existing between each backwash performed by the operators can be 

controlled by stopping each backwash after a volume of 3.97 UFBV has passed through 

the filter (7-minutes of backwash at the JDKWSP).  Pilot studies demonstrated that 

backwashing until turbidity reaches between 10 and 20 NTU would not result in a 

statistically significant difference in maximum turbidity seeing during ripening, ripening 

time, or volume produced during the filter run.  Employing this procedural change 

(shortening the backwash duration) would result in water, energy, and cost savings.  

Although some would reach a turbidity of less than 10 NTU, full-scale observations 

showed that 100% of the filters were cleaned appropriately during the backwash 

procedure.  This operational change can be done without the installation of turbidimeters.   

 

The average time, power consumption, and water consumption to ensure 100% of the 

backwash procedures reached between 10 and 20 NTU (without a turbidimeter) during 

the winter and summer months are shown in Table 4.12.  The cost calculations were 

performed as shown in equation 1. 

  

Table 4.12  Cost calculations for option 2 
 Winter Observations Summer Observations 

Backwash 

Duration 
7 minutes 7 minutes 

Backwash Volume 

(UFBV) 

3.95 

SD = 0.04 

4.01 

SD = 0.04 

Power Consumed Mean = $0.1127/backwash Mean =    $0.1146/backwash 
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SD = 0.01 SD = 0.01 

Water Consumed 
Mean = 0.5170 ML 

SD = 0.04 

Mean = 0.5256 ML 

SD = 0.04 

 

The average cost of power consumption was calculated using the rate of $0.08/KWH.  

The cost of power consumption required to perform a backwash with the current 

procedure were found to be $0.1127/backwash (SD = 0.0088) for winter and 

$0.1146/backwash (SD = 0.0078) for summer. 

 

As in option 1, the indirect cost of water consumption was considered to be the value of 

lost revenue from domestic customers.  A direct cost of water, which would consider the 

expenses divided by the total volume of water produced annually, is not considered 

because the information is confidential.  The indirect costs were calculated using the 

domestic rate of $0.509/m3 ($2.3136/1000 imperial gallons).  The indirect costs of water 

consumption required to perform a backwash with the current procedure were found to be 

$263.16/backwash (SD = 20.5) for winter and $267.55/backwash (SD = 18.2) for 

summer.     

 

Considering there are approximately 70 backwash procedures performed at the JDKWSP 

each month, the total annual cost was calculated to be $222,995 ($95 for power and 

$222,900 for water).  This estimate does not consider the cost required to produce the 

water.     
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To calculate the cost savings resulting from employing option 2 were calculated by 

subtracting the values from option 1 and 2.  Employing option 2 would result in a cost 

saving of $3869/year ($5 from power and $3865 from water).    

  

Option 3 

Optimization and variation control for backwash procedures at the JDKWSP can be 

achieved by installing turbidimters.  Pilot studies demonstrated that backwashing until 

turbidity reaches between 10 and 20 NTU would not result in a statistically significant 

difference in maximum turbidity seeing during ripening, ripening time, or volume 

produced during the filter run.  Adding turbidimeters to each filter above the media 

would result in optimized backwash durations.  In turn, this would result in water, energy, 

and cost savings.  Every backwash would reach a turbidity between 10 to 20 NTU.  

 

The average time, power consumption, and water consumption required to adequately 

clean a filter during a backwash (by using turbiditmeters) are shown in Table 4.13.  The 

cost calculations were performed as shown in equation 1.  

 

Table 4.13  Cost calculations for option 3 
 Winter Observations Summer Observations 

Backwash 

Duration 

Variable  

(between 4 and 7 minutes) 

Variable  

(between 5 and 7 minutes) 

Backwash Volume 

(UFBV) 
2.13 to 4.23 3.04 to 4.42 
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Power Consumed 
Mean = $0.1008/backwash 

SD = 0.0128 

Mean =    $0.1084/backwash 

SD = 0.0099 

Water Consumed 
Mean = 0.4623 ML 

SD = 0.059 

Mean = 0.4973 ML 

SD = 0.045 

 

The average cost of power consumption was calculated using the rate of $0.08/KWH.  

The cost of power consumption required to perform a backwash with the current 

procedure were found to be $0.1008/backwash (SD = 0.0128) for winter and 

$0.1084/backwash (SD = 0.0099) for summer. 

 

As in options 1 and 2, the indirect cost of water consumption was considered to be the 

value of lost revenue from domestic customers.  A direct cost of water, which would 

consider the expenses divided by the total volume of water produced annually, is not 

considered because the information is confidential.  The indirect costs were calculated 

using the domestic rate of $0.509/m3 ($2.3136/1000 imperial gallons).  The indirect costs 

of water consumption required to perform a backwash with the current procedure were 

found to be $235.34/backwash (SD = 29.9) for winter and $253.15/backwash (SD = 23.1) 

for summer.     

 

Considering there are approximately 70 backwash procedures performed at the JDKWSP 

each month, the total annual cost was calculated to be $205,255 ($90 for power and 

$205,165 for water).  This estimate does not consider the cost required to produce the 

water.     
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To calculate the cost savings resulting from employing option 3 were calculated by 

subtracting the values from option 1 and 3.  Employing option 3 would result in a cost 

saving of $21,610/year ($10 from power and $21,600 from water).    
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CHAPTER 5:     CONCLUSIONS AND RECOMMENDATIONS 

5.1  Conclusions 

5.1.1  Microbial Monitoring 

The lack of filter-to-waste infrastructure at the JDKWSP raised concerns over the passage 

of pathogens during vulnerable stages, like filter ripening.  Because of the disinfection-

resistant nature of Cryptosporidium and Giardia, they were of particular concern.  E. coli 

was monitored as an indication of possible fecal contamination.  Both source water and 

filtered water during ripening were sampled for a 12-month duration, with the exception 

of source water E. coli sampling which was performed bi-weekly for 48 months.  A total 

of 108 E. coli samples were collected from November 2009 to October 2010.  A total of 

36 Giardia and 36 Cryptosporidium samples were collected.  Sample processing was 

performed by third-party laboratories.   

 

Important findings of this work show zero detections of E. coli, Giardia, or 

Cryptosporidium in any of the results.  The pristine quality of source water in a protected 

water shed and lack of pathogen presence indicate the JDKWSP is at low risk of 

pathogen contamination.  The current 2.5-log reduction credit for Cryptosporidium and 

Giardia is adequate treatment for water of this quality.  Zero detection of E. coli also 

indicates no fecal contamination.   
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5.1.2  Backwash Procedure Concepts 

Backwash procedural methods were tested at the pilot-scale plant at the JDKWSP.  The 

objective of this study was to observe each procedural effect on controlling filter 

ripening.  The response parameters measured were maximum turbidity during ripening, 

ripening time, bed volumes, and particle concentrations.  Turbidity data taken from inline 

turbidimeters and particle counters proved useful in this analysis.  The necessary detail 

seen by analyzing continuous samples enabled a close look at details during the short 

period of filter ripening.  All treatment conditions upstream from filtration were set to 

mimic current full-scale plant processes.   

 

Results showed that season held the largest significance over each of the factors.  Slight 

trends could be seen from averaged maximum turbidity, ripening times, bed volumes, and 

maximum particle concentrations, but they also had large standard deviation from the 

mean.  Factorial analysis showed the interaction between ETSW rate and backwash 

turbidity had a significant influence over maximum turbidity during ripening. ETSW rate 

independently had a significant influence over ripening time.  Backwashing until 

turbidity reached between 10 to 20 NTU did not show a statistically significant increase 

the negative effects of filter ripening.   
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5.1.3  Backwash Water Chemistry Concept 

Backwash water chemistries were tested at bench-scale.  The objective of this study was 

to observe each procedural effect on controlling filter ripening.  The response parameters 

measured were maximum turbidity during ripening, ripening time, bed volumes, and 

particle concentrations.  Turbidity and particle data were read manually in the laboratory 

and proved useful in this analysis, however, the detail seen by analyzing continuous 

samples enabled a close look at details during the short period of filter ripening was not 

caputred.  

 

Results showed that season and the interaction of pH and chlorine held the largest 

significance over factors.  Factorial analysis showed that finished water conditions 

(pH=7.2, [Cl2]=1.0 mg/L) reduced ripening time during colder temperatures but clearwell 

conditions performed best when considering particle passage.  

5.1.4  Energy and Water Consumption 

Turbidity was monitored during full-scale backwash procedures at the JDKWSP to gain 

an understanding of backwash duration, volume of wash-water used, and power 

consumed.  Turbidity was measured using a laboratory turbidimeter and flow data was 

taken from Halifax Water’s online monitoring system.  This data was used to identify the 

energy and water consumed for a current backwash procedure.  This information, 

combined with pilot-scale results, was useful for establishing options for reducing cost.   
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5.2  Recommendations 

5.2.1  Microbial Monitoring 

Given that concentrations of 0 were observed for E. coli, Cryptosporidium, and Giardia, 

the addition of filter-to-waste infrastructure would not benefit this facility.  The addition 

of the robust infrastructure will not reduce the risk of microbial passage during ripening 

since the current risk is already very low.   

    

5.2.2  Backwash Procedure Concepts 

Although ETSW was found to decrease ripening time, the current procedure at full-scale 

is meeting regulations.  ETSW, as a backwash procedure, holds a minimal benefit to the 

JDKWSP so installation of the necessary equipment is not justified.  This option could be 

reviewed again if a degradation of water quality in the future was observed.  

Backwashing until turbidity reaches between 10 to 20 NTU should be explored for the 

potential cost savings associated with the reduced water and power consumption.   

 

5.2.3  Backwash Water Chemistry Concepts 

Although finished water was observed to decrease ripening time during colder 

temperatures, clearwell water performed best with respect to particle passage.  As a 

result, it is recommended to keep the current practice of using clearwell water for 

backwash at the JDKWSP. 
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5.2.4  Energy and Water Consumption 

Although there will be a capital cost associated with installation of inline turbidimeters to 

monitor backwash turbidity, this option (option 3) is recommended due to the potential 

cost savings.  Since the JDKWSP is currently within regulations, option 1 (do nothing) is 

adequate for producing high quality water quality but continue to consume water and 

energy in excess. 
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